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Preface

Dear reader,

This study on large-scale heat pumps provides

an overview of the current market status and the
potential of large-scale heat pumps and their use

in district heating and looks at the political priorities
for action required for their deployment.

The roll-out of large-scale heat pumps requires

a triad consisting of strategic goals and incentives
from the public authorities, technological innovation
on the part of manufacturers and accelerated imple-

mentation by district heating providers and industry.

This entails a solution-oriented partnership between
private companies and the public sector. Against

this background, it makes sense to use the idea of

the Mission Economy, as put forward by the Italian
American economist Marianna Mazzucato, as a way
to promote the market ramp-up of large-scale heat
pumps for the German climate transformation.

Findings at a glance:

This new approach to solving major societal tasks is
characterised by an active partnership between the
private and public sectors in which the state defines
the challenges and problems to be solved without
imposing detailed prescriptions and provides invest-
ment confidence and security for the private sector.
In return, private actors commit to goals such as cost
reductions or attractive products and services for
customers. In addition, the state takes on entrepre-
neurial risks, but also takes a share of the returns.

With this study, we want to make a contribution
to exploiting the considerable potential of large-
scale heat pumps and district heating systems
for a successful heat transition.

I hope you enjoy reading it!

Simon Miller
Director Germany, Agora Energiewende

Heating applications in the range up to 200 degrees are responsible for over three quarters of
Germany'’s fossil gas consumption and over a quarter of its greenhouse gas emissions. Currently,

1 fossil fuels dominate the heat supply in industrial processes, buildings and district heating systems.
In order to achieve the climate targets and reduce fossil gas consumption, it is therefore crucial to
switch to climate-neutral options based on renewable energy sources.

The entire heat demand in Germany up to 200 degrees can technically be covered by heat pumps.

As part of this, large-scale heat pumps can exploit considerable potentials offered by geothermal
energy, water bodies and waste heat. By 2045, large-scale heat pumps could provide 70 percent of

the district heating supply and thus replace a very large proportion of the fossil gas used.

Large-scale heat pumps are a proven technology that has considerable market potential in Germany.
However, there were only 60 megawatts of installed capacity in Germany in 2023. Complex planning
3 and approval procedures are slowing down the market ramp-up. In addition, the existing financial
support system under the Combined Heat and Power Act (KWKG) and the higher tax burden on
electricity compared to fossil gas have so far favoured gas-based heating options —these perverse

incentives must be eliminated.

A rapid ramp-up of large-scale heat pumps requires a cleverly coordinated mix of instruments.
Of overriding importance is a clear overall goal, combined with energy prices that are in line

with the transformation and a reform of the network use charges. Manufacturers should use
the resulting planning certainty to drive innovation and reduce manufacturing costs. A revised

framework of financial support and measures to speed up large-scale heat pump projects in district

heating systems can then stimulate demand.
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1 Summary

Background

A climate-neutral heat supply is crucial to Germany
meeting its climate targets. Germany has set itself the
binding target of being climate-neutral by 2045. A key
milestone on that path is the equally binding target

of -65 percent greenhouse gas emissions by 2030
compared to 1990. The heating sector plays a key role
in reaching the climate targets: almost 80 percent of
the heat demand in buildings and industry is still met
by burning fossil fuels.

Final energy consumption by application in Germany 2021 (left)

Energy sources of supply (right)

Buildings sector:
Space heating
and hot water
806 TWh
Other applications
(space and process
cooling, mechanical
energy, ICT*, lighting)
1058 TWh

Industrial sector:
Process heat
543 TWh

[ Gas (fossil gas) ol W Coal

[ District heating

The majority of the heat demand is for low tempera-
ture ranges. The supply of space and process heat up to
200 °C and of hot water requires considerable energy
and fossil gas input and produces high CO, emissions.
These temperature ranges fully encompass the tem-
perature range (generally 90 °C to 110 °C) required in
district heating systems, as well as at least one third

of the industrial heat demand (UBA 2017). Heat demand
up to 200 °C was responsible for 43 percent of Germa-
ny's final energy consumption in 2021; it involved
fossil gas consumption of 494 terawatt hours (TWh)

(76 percent of total consumption); and it caused
greenhouse gas emissions of 215 million t CO,-eq.

Figure A

Space heating
and hot water

Process heat

B Clectricity ] Renewables Others

Agora Energiewende based on AGEB (2022b). " Information and communication technology

n
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Potential, state of the market
and main areas of innovation

Large-scale heat pumps are a key technology for
the climate-neutral operation of district heating
systems and supply of industrial process heat up

to 200 °C. Heat pumps enhance natural heat sources
by using electricity to raise them to a higher tempera-
ture level and thus make them more usable. The
amount of electricity required for this is only a
fraction of the heat generated; in other words, the

Comparison of the potential heat supply* via heat pumps and the heat demand

up to 200 °C** in Germany (excluding ambient air)

Heat supply (1571 TWh/a)

I Near-surface geothermal energy
[ Deep geothermal energy

B water from lakes and rivers

I Industrial waste heat

B Wwaste water, mine water, data centres

efficiency is significantly higher than 100 percent.
The smaller the required temperature lift!, the greater
the efficiency advantage. Even today, target tem-
peratures of up to 200 °C can be achieved efficiently.
For the purposes of this study, all heat pumps with a

1 The temperature lift is the difference between the tem-
perature of the heat source used (e.g. air, ground, river
water or a sewage treatment plant) and the flow tempera-
ture generated in the heat pump, which supplies heat to a
heating network or an industrial process, for example.

Figure B

Heat demand up to 200 °C (1070 TWh/a)

[ Space heating
B Hot water
B Process heat

B Space cooling and process cooling

Fraunhofer IEG based on Born et al. (2022), Bracke et al. (2022), Kammer (2018), Gerhardt et al. (2019), Fritz und Pehnt (2018), Wolf (2017),
Stobbe et al. (2015). * The heat supply is made up of the potential supply from different heat sources (darker colours) plus the necessary
operating power (lighter colours) for the heat pumps, assuming an average COP of 2.5. ** Heat demand based on final energy consumption
in Germany in 2021, excluding process heat of private households and process heat > 200 °C.
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thermal output of 500 kilowatts (kW) or more are
defined as large-scale heat pumps.

Over the long term, the demand for heat up to 200 °C
in Germany can be met by heat pumps. Excluding air
as a heat source, near- surface and deep geothermal
energy have by far the greatest potential, followed by
lakes and rivers, industrial waste heat, wastewater,
disused coal mines and data centres (Figure B).

Large-scale heat pumps could provide over

70 percent of district heating in 2045. District
heating systems are a prerequisite for a climate-
neutral buildings stock in 2045 - and large-scale
heat pumps are the key. However, heat generation
for district heating systems is facing fundamental
changes, because currently the majority of district
heating is still provided by fossil-fuelled combined

heat and power plants (CHP plants). In the future,
this fossil heat can be replaced primarily by large-
scale heat pumps - this requires an average annual
expansion of at least 4 gigawatts (GW) of new thermal
large-scale heat pump capacity up to 2045. This
also means that the key technology for the climate-
neutrality of district heating systems is already
known today, is at a stage of technological maturity
and can bring about significant CO, savings if the
necessary expansion takes place before 2030.

In industry, accelerating the ramp-up of heat
pumps can reduce gas consumption by 25 percent
by 2030 compared to 2021. Huge potential has
been identified above all in the chemical, paper
and food industries as well as in mechanical
engineering, for example in drying processes or
steam generation. Large-scale heat pumps are

The typical district heating system of a German city in 2045* Figure C
heat supply*
(+2.4% p.a.) grid connections*
- (+8% p.a.)
emissions

of heat generation from
flexible large-scale heat
pumps (2 1300 full load hours

District heating
in 2045 :
kilometres of

per annum, including storage)

of heat generation from
solar- and geothermal energy, biomass,
waste and hydrogen-CHP

Fraunhofer IEG based on Fraunhofer ISI et al. (2022); * compared
(Fraunhofer ISI et al. 2022b).

(+62% total)

‘ district heating networks

flow temperatures
(as low as possible)

to 2020; numbers based on the long-term scenarios IlI
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an efficient way to generate climate-neutral heat for
industry. They can not only supply high tempera-
tures based on environmental heat, but through the
intelligent use of waste heat they can also be used
at temperatures even above 200 °C (Agora Industry
and FutureCamp 2022).

Large-scale heat pumps use proven technologies
and can be scaled up quickly. The market for large-
scale heat pumps in Germany, however, is still in

its infancy. For the temperature range required for
district heating systems, manufacturers already have
a wide range of market-ready large-scale heat pumps

on offer. Many of them are already operating reliably
in a number of European countries. In Germany, by
contrast, only a few large-scale heat pumps have
been installed so far in both the district heating and
industrial sectors. A medium double-digit number
of systems amounting to a total installed heating
capacity of less than 100 megawatts (MW) are
currently installed, and another 600 MW are either
under construction or in the planning stage.

A systematic market ramp-up can promote
technical innovation and cost reductions.

There is considerable potential for innovation,

Maximum flow temperatures and heating capacities of available large-scale heat pumps Figure D
260
( )
240
220
( )
200 ()
£ 180
o
=
C 160 ® [ J
a
€ o ()
2 10
3
b= () ( ) ()
;ré 20 — @ @ ( ) ( {) () () ()
100 ()
() () ()
©® |8 o o e (§ e ®
80 5 () ° 0. 0:0.. 000 0 0
() % ()
- 9  «9 : e ¥
() o () ()
40
1 10 100

Scroll compressor

@ Turbo compressor

Fraunhofer IEG (2023) based on Figure 42 in Appendix A.3

Max. heating capacity [MW]

@ Piston compressor

@ Other technology

@ Screw compressor
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for example in compressors - the key component of
heat pumps - with regard to new refrigerants, more
flexible modes of operation and higher target tem-
peratures. In addition, large-scale heat pumps in the
future must be designed in such a way that their
operation can be flexibly adjusted to the prevailing
situation on the electricity market.

The availability of standardised options in the range
from 1 MW to 10 MW is crucial for a successful
ramp-up. Currently, the market segment above

1 MW capacity is still strongly characterised by
customised solutions and very low production
volumes. Manufacturers assume that there is still
considerable potential for more standardisation in
the range up to approx. 10 MW heat output. Since
heat pumps offer considerable economies of scale,
the availability of larger standard components
contributes significantly to cost reductions and can
at the same time simplify project planning. It should
therefore be a focus for the market ramp-up.

Recommendations for action

Until 2045, on average, well over 300 individual
projects with a new large-scale heat pump capacity
of more than 4 GW as well as 800 km of new
heating pipelines will have to be planned, financed
and constructed every year. This is a challenge for
the whole society, one that requires clear prioritisa-
tion from politicians and a high level of innovation
and efficiency from manufacturers and district
heating operators. It is crucial that a cleverly timed
combination of price signals, support measures and
regulatory requirements enables a rapid ramp-up,
while at the same time allowing supply chains and
implementation capacities to grow without prob-
lematic bottlenecks.

The measures required can be categorised into
three core areas for action. First, a coherent overall
framework is required that combines a clear strate-
gic vision with consistent price signals for the use of

energy carriers and infrastructures. Secondly, the
potential for innovation, scaling and cost reduction
must be exploited consistently and quickly by
manufacturers. Thirdly, the transformation of
district heating systems must also be accelerated
on a structural level through a reform of the support
framework and a package of measures to simplify
its implementation.

Overall framework: clear targets, efficient
energy prices and revised network use charges

The potential offered by large-scale heat pumps

and district heating systems for a climate-neutral
energy supply can only be exploited quickly and
fully if manufacturers and users can rely on the
ramp-up trajectory and if market forces support the
ramp-up through efficient price signals. In addition
to a clearly articulated, credible overall vision for the
ramp-up path, the most important instruments are
the relative prices of different energy sources and
the user charges for infrastructures.

- In order to create clear targets for manufacturers
and operators, a stakeholder process at federal level
(alarge-scale heat pump summit) should establish
along-term overall goal with ambitious interim
targets.

- The economic viability of large-scale heat pumps
in planning and operation depends crucially on the
ratio of electricity to gas prices — currently, taxes,
levies and charges are creating perverse incentives.
The new emissions trading system (ETS2) planned
at the European level for the buildings and trans-
port sectors and/or an increase in prices in the
Fuel Emissions Trading Act (Brennstoffemissions-
handelsgesetz, BEHG) can correct the current
distortion. Furthermore, electricity continues
to be subject to higher taxes, levies and surcharges
than gas. A further reduction of these perverse
incentives, for example through a reduction of
the electricity tax to the European minimum level,
can help to remedy this situation.
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- The introduction of time-variable grid charges is
essential to ensuring that heat pumps use renewa-
ble electricity in a way that supports the system
and does not overburden the grid.

Large-scale heat pumps: rapid cost reduction,
further performance enhancements and
increased production capacities

Large-scale heat pumps have considerable potential
for performance enhancements and simultaneous
cost reductions — manufacturers must consistently
exploit this potential and should be strategically
supported in doing so. The basic technical principle
and the individual components of heat pumps have
been known and commercially available for decades.
However, the industrial mass production of efficient
large-scale heat pumps is still in its infancy due to a
lack of demand. An anticipatory expansion of supply
is therefore essential to avoid supply bottlenecks or
sharp cost increases when demand picks up quickly.

- An expansion of standard technical systems to
thermal output ranges of up to 10 MW should be
prioritised. Firstly, the unit investment costs (euros
per MW) can be reduced through the use of bigger
plants. Secondly, standardisation makes higher
unit numbers possible and thus economies of scale
in production. For the market ramp-up, a focus on
enabling a large number of projects in this medium
output range can be particularly beneficial.

- Further developments in compressor technology
offer considerable potential for improving the
performance of large-scale heat pumps and for the
use of natural refrigerants. Technical innovations
in compressors and refrigerants enable perfor-
mance improvements with respect to three core
characteristics. Firstly, higher target temperatures
and temperature lifts can be achieved. Secondly,
efficiency increases are possible, i.e. an improve-
ment in the COP. Thirdly, greater flexibility can be
achieved by enabling operation across a wider
output range and with faster load changes and

start-up and shutdown sequences. This facilitates
a system-supporting mode of operation.

- Building up industrial manufacturing capacity
should be a focus of industrial policy. Only with
a significant expansion of global and European
manufacturing capacity can the potential of large-
scale heat pumps be fully exploited. In the context
of a stronger emphasis on resilient supply chains,
the development of European manufacturing
capacities also has a central role to play — so
the establishment of new production facilities,
combined with instruments promoting long-
term security of demand, should be prioritised.

District heating systems: a streamlined funding
landscape, mandatory planning and simplified
implementation

The extension and new construction of district
heating systems, along with their upgrading, are
key drivers for the market ramp-up of large-scale
heat pumps - such measures must therefore be
simple, quick and economically attractive to carry
out. In order to achieve this goal, adjustments are
necessary in three areas. Firstly, financial support
systems must be improved or better coordinated. In
particular, the existence of parallel subsidy schemes
under the long-standing Combined Heat and Power
Act (Kraft-Warme-Kopplungs-Gesetz, KWKG) and
the new federal subsidy for efficient district heating
systems (Bundesférderung Effiziente Warmenetze,
BEW) currently leads to perverse incentives. Sec-
ondly, alocal energy distribution strategy must be
developed: based on a binding municipal heating
plan, it will identify the areas where a network-
connected heat supply should be installed as a
priority. Thirdly, the time required for projects to

be completed must be halved from currently up to
six years to around three years by a package of
modifications and simplifications to approval and
implementation processes.
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- Alongside the BEW Guideline, the old support
system for CHP continues to exist under the CHP
Act. This currently leads to significant perverse
incentives, in particular to designs for heat pumps
that are too small and to the continuous heat-led
operation of CHP plants and heat pumps, which is
highly problematic for the electricity system as a
whole. This should be corrected via a fundamental
reform of the CHP Act.

- The financial resources of the BEW must be
increased. The financial resources of 3 billion euros
provided for in the programme are by no means

sufficient to support the market ramp-up as outlined

in this study. Against this background, an analysis

by Agora Energiewende (Agora Energiewende, 2022)

recommended increasing the funding by a further
8 billion euros to a total of 11 billion euros.
- Municipal heat planning must be introduced on a

mandatory basis and further developed into a local

energy distribution strategy. The success of the
heat transition depends on its implementation on
the ground - and for this, nationwide municipal
heat planning is crucial. Binding regulations must
be established at the federal level so that reliable
and comparable heat plans are created in all local
authorities. In addition, municipal heat planning

should be further developed into a local energy
distribution strategy that enables the coordinated
planning and construction of electricity, gas,
hydrogen and district heating networks.

- Accelerated planning for large-scale heat pump
projects, simplified approval procedures and
enhanced implementation capacities are crucial.
Shortening the time required for projects from the
current four to six years to around three years
requires a bundle of individual measures each of
which can only make a limited contribution on its
own, but which have a strong impact as part of an
overall package. These are presented in detail in
Chapter 8.

The recommendations for action made in this study
represent a coherent and comprehensive overall
package that can help the ambitious ramp-up of
large-scale heat pumps and district heating systems
to succeed. It is clear that further analyses and more
precise information are needed in many areas.
However, the study underlines the contribution that
innovative approaches in heat supply can make to a
successful transition to climate neutrality — provided
they are put into action quickly and ambitiously.
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Heat up to 200 °C: potential for reducing emissions, gas and final energy consumption
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@ Around 45% of total final
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More than % of total

German emissions

Heat below 200 °C
Heat above 200 °C
Other applications

Gas consumption [TW/U

Gas and final energy
consumption and emissions
in Germany in 2021

Priorities for action for climate-neutral heat up to 200 °C

Framework conditions: clear
targets, efficient energy prices
and reformed network use
charges

Large-scale heat pumps:
fast cost reduction, further
improvements in performance,

increased production capacities

District heating: streamlined
subsidy schemes, mandatory

heat planning, simplified imple-

mentation for large-scale heat
pump projects

Stakeholder process for clear vision (large-scale heat pump summit)

Profitability of electricity price versus gas price; CO»-pricing
Reformed grid tariffs supporting flexibility in the energy system
and faster grid connections

Standardisation, modularisation, and economies of scale for products
and processes

Key areas of innovation: higher temperature ranges, improved
efficiency, flexible operation, wider use of natural refrigerants

Increase in production capacities

Increase in subsidies and removal of perverse incentives

Mandatory municipal heat planning, later to be expanded into
a municipal energy distribution strategy

Faster and easier planning, approval and implementation procedures
for large-scale heat pump projects

Figure E

Agora Energiewende based on AGEB (2022b). * Emissions based on the breakdown by fuel type according to AGEB (2022b) and emission
factors according to UBA (2022), not weather-adjusted. Own assumptions regarding the breakdown by fuel type across the different
temperature levels based on Agora Industry and Future Camp (2022).
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2 Background, purpose and subject of this study

2.1 Current situation: heat generation
still largely fossil-based

More than half of the total final energy demand

in Germany is accounted for by the heating sector
(as of 2021). Of the 1 415 TWh of heat demand,
almost half (674 TWh) is used for space heating,
while process heat accounts for another 40 percent
(543 TWh per year). Hot water (132 TWh) and
air-conditioning and process cooling (66 TWh)
account for smaller proportions (see Figure 1)
(AGEB 2022b).

Around 80 percent of the demand for heat is still
met by burning fossil fuels. In the buildings sector,
half of all dwellings are still supplied with fossil
gas. The share of district heating in final energy

Share of heating sector in final energy consumption in Germany 2021

Overall final energy
consumption in

Other Germany [TWh/a]
sectors Heating

993 sector

1415

Fraunhofer IEG based on AGEB (2022b)

demand, at about 8 percent, remains at a similar
level as it was in 2011. The share of renewable
energy (both directly used and indirectly via
district heating) has increased only marginally,

by about 0.6 percent per year, over the last three
years (AGEB 2022b). In industry, too, heat genera-
tion is predominantly fossil-based, with 41 percent
based on fossil gas and 20 percent based on coal
(AGEB 2022b).

The resulting stagnating CO, emissions meant that
in 2022 the greenhouse gas reduction target for the
buildings sector was missed for the third yearin a
row (UBA 2023c).

The size, diversity and complexity of the heating
sector mean that action is required in numerous

Figure 1

Space
Space and heating
process 674

cooling
66

Final energy
consumption in the
heating sector
[TwWh/a]
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areas simultaneously to accelerate the decarboni-
sation. As explained in greater detail and depth in
Chapter 3.1, it is widely acknowledged that decen-
tralised heat pumps and climate-neutral district
heating networks will be the predominant sources
for heat supply in the future, while at the same time
the renovation of older buildings will have to be
driven forward. This study focuses primarily on
how the demand for space heating and hot water
will be met using district heating in Germany in
the future, paying particular attention to the
growing importance of large-scale heat pumps.

2.2 Purpose and subject of this study

The purpose of this study is to identify the current
challenges and areas where action is needed for a
rapid and extensive roll-out of large-scale heat
pumps and to formulate recommendations for policy

measures in the fields of energy and industrial policy.

One focus of the study is on the use of large-scale
heat pumps in district heating networks. To this end,
Chapter 3 looks at the opportunities and goals for the
market ramp-up of large-scale heat pumps in the
district heating sector and their rapidly growing
importance for the currently fast-changing energy
system.

Chapter 4 then examines what suitable heat sources
are available in Germany and what potential they
offer for the operation of large-scale heat pumps,
and what challenges the exploitation of this poten-
tial entails.

Chapter 5 describes the current technological state
of the art and identifies the most important compo-
nents and techno-economic indicators for large-
scale heat pumps and looks at selection and design
criteria in an energy system that is becoming
increasingly complex. This shows that the potential
for the use and development of large-scale heat
pumps is already bigger today than their role to

date would suggest - both for district heating net-
works and for industrial heat generation.

Chapter 6 provides an overview of the large-scale
heat pumps already available on the market today and
addresses the current challenges from the perspective
of the manufacturers.

Chapter 7 takes a look at the current regulatory and
economic framework and the incentive mechanisms
and funding schemes for investing in and operating
large-scale heat pumps in Germany. In addition,

this chapter contains a comparison and sensitivity
analysis of the heat generation costs of various
current and future projects involving large-scale
heat pumps in district heating networks in Germany.

The operator perspective, i.e. the view of municipal
utilities and district heating suppliers, on the current
market hurdles, challenges and success factors
related to the implementation of large-scale heat
pump projects in Germany is explored in Chapter 8.
Following on from this, the areas where action is
needed for a rapid market ramp-up and where
shorter planning, approval and implementation
periods can be achieved are identified and described.

The study concludes with Chapter 9, which summa-
rises the energy and industrial policy recommen-
dations and measures derived in this study for a
successful roll-out of large-scale heat pump tech-
nology in Germany, structured by thematic areas
and their relevance for different stakeholders.
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2.3 Large-scale heat pumps - clarification

of terminology and description of the
status quo

Clarification of terms used in relation to
large-scale heat pumps

Heat pumps can be employed in neighbourhood,
municipal, and district heating networks (all of
these subsumed under the umbrella term "district
heating”), as well as in industry for supplying space
and process heat and hot water by using different
renewable heat sources as well as waste heat from
other processes. The term "large-scale heat pumps”
is used in different ways, for example only for their
use in district heating networks or in relation to the
heating capacity of the unit. In this study, all heat
pumps with a heating capacity of 500 kW or more
per unit are considered large-scale heat pumps,

as above this capacity different compressor tech-
nologies are usually used compared to the smaller
capacity classes.

Large-scale heat pumps already available on the
market today reach sink temperatures of about 90 °C
to 130 °C and can therefore be used in many appli-
cations for the provision of district and local heating
(see Chapter 2.4). Two major development trends
should be noted here, thanks to which the range of
applications for large-scale heat pumps will steadily
expand in the next few years. Firstly, technical
innovations introduced by manufacturers are
enabling higher sink temperatures and efficiencies
every year, so that more and more process heat
requirements can be met by large-scale heat pumps.
At the same time, better energy efficiency levels in
new buildings and the continuing renovation of the
existing building stock are leading to lower specific
heating requirements from customers and thus also
to lower flow temperatures. Lower flow tempera-
tures, in turn, mean more efficient operation and
simplify and therefore extend the use of renewable
energies. These and other aspects are discussed in
more detail in the chapters that follow.

In addition, heat pumps are increasingly coming to
the fore in industry as a means of improving heat
integration. If waste heat at a sufficiently high
temperature is available, heat pumps can raise that
temperature level to over 200 °C and thereby make
it available for reuse.

Large-scale heat pumps are attracting
increasing attention from research, industry
and policymakers

Inrecent years, the field of large-scale heat pump
technology has seen a great deal of new knowledge
gained, progress made, and investment-promoting
measures and legislative packages initiated in
research and development, in the energy industry,
and in the political arena, including:

- Publications and activities covering the whole

of the EU, e.g.:

- The publication "High-temperature heat
pumps’, with a comprehensive description of
the market for large-scale heat pumps and the
current state of research and technology
(Arpagaus 2019).

+ In the Technology Collaboration Programmes
(TCP) for heatpumping technologies (HPT)
coordinated by the International Energy Agency
(IEA), Annex 58 provides a current overview of
concepts and strategies for the supply of process
heat from heat pumps, and Annex 59 investi-
gates the potential of drying processes based on
heat pumps (IEA 2023c, 2023a).

+ Inthe IEA TCP for district heating and cooling
(DCP), research is currently being carried out
in Annexes TS4, TS6, and TS7 on the optimal
operation and maintenance of district heating
networks through digital process management,
the ageing performance and service life predic-
tion of district heating networks, and the
potential offered by the coupling of industrial
processes and district heating networks
(IEA 2018-2024, 2021-2025a, 2021-2025b).
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- Several projects and publications in Germany, 2.4 The role of large-scale heat pumps
including: in the German district heating
+ Thelaunch of the real-lab projects for large- sector today

scale heat pumps in district heating networks
in 2021 (AGFW 2023b). Overview of the German district heating sector
« The operational launch, the commencement

of construction, the start of planning or the Of the total final energy demand in the heating sector
announcement of more than 25 new large-scale in Germany in 2021, district heating generation
heat pump projects in Germany (see Chapter 2.4). (consumption plus grid losses) accounted for a rela-

« The publication of the Deep Geothermal Roadmap  tively small proportion of 134 TWh or 9.5 percent
(Bracke et al. 2022) and the Near-Surface (AGEB 2022a). Of this, only 29 TWh (22 percent) was
Geothermal Roadmap (Born et al. 2022). supplied from renewable energy sources, mostly bio-

mass. However, the most recent climate neutrality
- Activities, funding programmes, and legislative scenarios indicate that biomass will not play a major
initiatives on the part of the German Federal role in heat generation in the long term, as the sus-
government (selection): tainable potential of biomass is too low (cf. Fraunhofer

+ Launch of the Kompetenzzentrum Kommunale [SI et al. 2022a). District heating using large-scale
Warmewende (Competence Centre for the heat pumps, solar thermal energy and geothermal
Municipal Heat Transition, KWW) with the aim energy has played almost no role so far. In industry,
of establishing a nationwide networking and the most recent figures show that 9 percent of process
support platform for an area-wide municipal heat was provided via district heating networks
heat planning. (AGEB 2022b).

+ Entry into force on 15 September 2022 of the
Bundesfoérderung fiir effiziente Warmenetze In order to achieve the goals of the heat transition,
(Federal funding for efficient district heating both the share of district heating networks in the heat
networks, BEW), which promotes the construc- supply and the role of large-scale heat pumps in
tion of new district heating networks with a high district heating networks must be greatly increased
proportion of renewable energy and the decar- in Germany over the next few years (see Chapter 3).
bonisation of existing district heating networks
(see Chapter 7.3). In Germany, around 465 district heating network

- Announcement of a new heat planning law operators (BDEW 2022) as well as numerous local
which will establish municipal heat planning heating and neighbourhood network operators
across the country as a central coordination and currently run almost 3 800 heating networks with a

planning instrument for climate-neutral heating total route length of 31 252 km (as of 2020). In 2020,

supply (BMWK 2023). the net expansion of district heating networks
amounted to around 423 km (619.3 km new con-
struction against 196.3 km deconstruction).

The district heating networks are operated with
widely varying flow temperatures, ranging from
below 60 °C to above 130 °C. At flow temperatures
below about 130 °C, liquid water is circulated in the
heating networks, if necessary under overpressure.
For flow temperatures above about 130 °C, steam is
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usually used. Steam networks have the potential to
transport larger amounts of heat due to the proportion
of latent heat involved and are mainly used in indus-
trial applications. In order to increase efficiency, it is
becoming more common to reduce the flow tempera-
tures in networks with liquid water and to dismantle
steam networks (AGFW 2022).

Lowering the flow temperatures has the following
advantages:

- conduction losses are reduced (due to decreasing
temperature difference relative to the surroundings);

- the energy requirement for heat generation
decreases (due to a reduction in the temperature
lift required).

District heating systems operating at high tempera-
ture levels are usually very large networks: the higher
the temperature level, the longer the average pipeline

Number and pipeline length of the approx. 3 800 district heating networks

by flow temperature levels

Steam > 130 °C 2557,70; 37

Water > 110 °C

Water 90-110 °C

Water 60-90 °C

Water < 60 °C

149; 91; 1.6

o

2000 4 000
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(see Figure 2). The roughly 900 water-based district
heating systems operating in the temperature range
between 90 °C and 110 °C (24 percent of all district
heating systems and 37 percent of total pipeline
length) have an average pipeline length of just under
13 km, and the 316 water-based systems operating at
110 °C or more have an average pipeline length of just
under 31km (8 percent of all district heating systems
and 31 percent of total pipeline length). The remaining
70 or so steam-based district heating systems operat-
ing at temperatures above 130 °C in Germany have an
average pipeline length as high as 36.5 km (2 percent
of all district heating systems, 8 percent of the total
pipeline length).

This data shows that a large number of district
heating systems and distribution pipelines will have
to gradually reduce their operating temperatures
over the next few decades through various measures.
Furthermore, it indicates the temperature levels that

Figure 2
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Fraunhofer IEG based on AGFW (2022)
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large-scale heat pumps and other renewable heat
generators will have to reach in order to be integrated
into existing district heating systems.

In 2020, around 70 percent of the total net heat
generation in district heating systems was based

on burning fossil fuels (almost 49 percent of which
was fossil gas, around 14 percent hard coal, 6 percent
lignite and 1 percent oil), plus the fossil (non-biogenic)
proportion of waste incineration. In CHP plants, the
proportion of fossil gas in net heat generation is
slightly below the overall figure, at around 47 percent;
whereas in heating plants, the proportion of fossil gas
is significantly above the overall figure, at around

61 percent (AGFW 2022).

Number and thermal output of CHP plants larger than 500 kW and of CHP plants

and heating plants in district heating systems
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In 2020, CHP plants provided around 86 percent of
net heat generation. In the same year, a total of almost
2300 heating plants with a thermal output of around
21 GW (9 9.3 MW per plant) and around 9 500 CHP
plants with a thermal output of around 49 GW

(@ 5.2 MW per plant) were installed in district heating
systems. In addition, at the end of 2020, there were
289 heat storage facilities in district heating systems
in Germany with a total heat storage capacity of
around 66 gigawatt hours (GWh) (¢ around 230
megawatt hours (MWh) per heat storage facility)
(AGFW 2022).

The majority of existing heat generation plants must
be modernised and converted to climate-neutral fuels

Figure 3
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Fraunhofer IEG based on *BNetzA (20233), **AGFW (2022). ***includes multiple entries if more than one energy source was used

in heating plants.
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(mainly biomass or green hydrogen for CHP) or
replaced by renewable heat generation technologies
by 2045. How this transformation requirement is to
be divided between the different output classes and
existing heating networks is not exactly clear from
the publicly available data. However, the different
output classes in the range of 0.5 MW and above in
the CHP plant stock can provide some orientation
(see Figure 3).

Based on the simplified assumption that replacement
facilities using renewable energy and waste heat will
have to be created in the next two to three decades for
the existing, largely fossil-fuelled CHP plants and
heating plants, Figure 3 gives an approximate picture
of the level of investment that will be required to
ensure that a sufficient number of large-scale heat
pumps with the necessary capacity is available.

Large-scale heat pumps in Germany: Overview
of existing and planned capacity

Large-scale heat pumps currently play only a subor-
dinate role in Germany's heat supply. While in other
European countries large-scale heat pumps have
played an important role for decades already (e.g.
Scandinavia and Finland), only comparatively

few large-scale heat pumps have been installed in
Germany to date in both the district heating and
industrial sectors. Due to the limited significance

of large-scale heat pumps in Germany in the past,
little relevant statistical data is publicly available.

Fraunhofer [EG therefore conducted its own research,
contacted selected district heating providers as well
as manufacturers and operators of large-scale heat
pumps, and evaluated the information available from
relevant trade associations (Working Group District
Heating; Arbeitsgemeinschaft Fernwarme (AGFW)
and Federal Heat Pump Association; Bundesverband
Warmepumpe (BWP)). The results of the research do
not claim to be exhaustive but provide an up-to-date
overview of the number of large-scale heat pump

projects either already in operation or currently
planned in Germany.

This research shows that at the beginning of 2023
there were at least 30 heat pump installations with
a thermal output of 500 kW or more in operation

in Germany, together providing a total output of
approximately 60 MW. In addition, according to
information from Fraunhofer IEG, at the beginning
of 2023 at least 30 further large-scale heat pump
projects with a total output of around 600 MW were
already either under construction or in planning.
Large-scale heat pump projects for which the site is
known are shown in Figure 4. Furthermore, there
are currently several announced plans for large heat
pump projects, and others that have not yet been
made public, with individual outputs in the single
to triple-digit MW range, which are currently the
subject of feasibility studies.

For those large-scale heat pumps (projects) for which
information is also available on the maximum flow
temperature to be supplied by the units, Figure 5
provides an overview of the individual outputs and
heat sources.

Among the projects researched, waste heat and water
bodies are the most common sources of heat; projects
using wastewater and pit water are less common, and
ambient air, deep geothermal energy and waste heat
from servers and data centres have been used in only
a few cases. Possible explanations for this pattern are
explored in more detail in Chapter 4.

Currently, there are no heat pumps in operation in
Germany in the range above 10 MW. Among the
plants in planning there are several with a thermal
output of more than 10 MW and flow temperatures
of 80 °C to 125 °C. These plants mainly use water (river,
sea or lake water) as a heat source, but some use waste-
water and waste heat. In the lower output range

and in the lower flow temperature range, there are
probably more projects in planning than captured
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by the research, as it can be assumed that not all
projects in this range are announced by e.g. a press
release, especially in comparison to projects with
high thermal outputs.

With regard to flow temperatures, the large-scale heat
pumps surveyed cover the entire range from 35 °C to
125 °C. Large-scale heat pumps for district heating
reach flow temperatures of 80 °C to 125 °C. Heat
pumps with flow temperatures lower than 80 °C

are mainly used to supply local heating networks,
decentralised heating and process heat.

Discussions between Fraunhofer [EG and project
developers and manufacturers of large-scale heat
pumps indicate that the project momentum in the
industrial sector is currently at least as high as in the
district heating sector and that heat pumps operating

Heat sources and individual outputs of existing and planned large-scale heat pumps

in Germany*
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at even higher temperatures (see Figure 42 in Appen-
dix A.3) are also being planned there. In the industry
sector, however, the data is not very transparent.
From publicly available data, only one project in
planning could be identified:

- Large-scale heat pump plant in the chemicals
industry with 120 MW for steam generation
(BASF 2022).

The data is somewhat easier to access for the projects
that have already been implemented. The following
industrial projects were found:

- alarge-scale heat pump system with a total of

10 MW and 80 °C flow temperature, used in the
timber industry (Jakobs and Stadtldnder 2020),

Figure 5
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Fraunhofer IEG based on AGFW (2022). * There is only a small number of projects in the range 0.5 to 1 MW. This can be explained by the fact that
this performance range is often delivered by interconnected heat pumps from smaller performance classes. Since in these cases the individual
heat pumps have a thermal output of less than 500 kW and thus cannot be classified as large-scale heat pumps according to the definition in

this study they are not considered here.
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- alarge-scale heat pump with a thermal output
of 3.2 MW and a flow temperature of 35 °C for
decarbonising a drying process in the food industry,
which has already been in operation since 2010
(Jakobs and Stadtlander 2020), and

- alarge-scale heat pump for preheating process
water to 75 °C using 1.7 MW (Jakobs and
Stadtlander 2020).

Appendix Al contains an overview of the known
large-scale heat pump projects, of which a small
selection is additionally described in a little more
detail as individual profiles.

2.5 Significance and success factors of
large-scale heat pumps in Europe

In other European countries, heat pumps in the
buildings sector and large-scale heat pumps in the
district heating sector are more common than in
Germany. In addition to the frontrunners Norway

(NO), with a share of around 13 percent of district
heating supply from large-scale heat pumps, and
Sweden (SE), with a share of over 8 percent, Finland
(FI), Denmark (DK) and France (FR) also have above-
average shares of heat generation from large-scale
heat pumps in the district heating sector. In the
district heating systems in Great Britain (UK), Italy
(IT) and Austria (AT) there are also some large-scale
heat pumps already in use. In the other European
countries, large-scale heat pumps, with shares at or
near O percent, have so far played just as negligible
arole as in Germany. Therefore, the average share
of large-scale heat pumps in the group of 27 EU
countries was 1.2 percent in 2020 and will be only
marginally higher at the beginning of 2023

(see Figure 6).

There are several reasons why large-scale heat
pumps do or do not play a greater role in other
countries. However, climatic conditions and the
number of heating degree days per year are not
among them, as Norway and Sweden demonstrate.

European countries with the highest shares of large-scale heat pumps in district heating supply Figure 6
(data from 2020/2021)
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Rather, the relevant criteria, which have an impact

above all in combination, are the following:

- The ratio of electricity costs to gas costs: The lower
this ratio is, the more attractive the operation of
heat pumps becomes. The energy and economic
policy frameworks and priorities exert a major
influence on this.

- Whether and at what level carbon pricing is
applied: Effective carbon pricing, as in Sweden,
for example, makes the use of low-carbon or zero-
carbon energy sources (especially electricity from
renewables) relatively more attractive.

- The role of fossil fuels such as fossil gas, hard coal,
and lignite and also of nuclear energy in energy
production: The commitment of politicians,
business and the general public - as in Denmark,
for example - to reducing the dependence of the
energy supply, especially for heating, on fossil
energy sources and imports, and to transforming
the energy supply, is also important.

Ratio of electricity to gas prices in selected countries*
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The ratio of the electricity price to the gas price in
selected countries over the last few years is compared
in Figure 7. This shows that the three countries -
Norway, Sweden and Finland - in which the market
shares of large-scale heat pumps are the highest also
have alow ratio of electricity to gas prices. At the
same time, the price ratios in the other countries
suggest that the ratio of electricity to gas prices alone
is not a sufficient criterion for a significant role for
large-scale heat pumps in district heating systems.

Rather, it is crucial for the transformation of heat
supply that clear goals and priorities are set in energy
and economic policy. Furthermore, the economic
framework and incentives must be aligned consist-
ently in such a way that they do not send conflicting
investment signals. Finally, planning certainty must
be sufficiently high over the entire lifetime of centra-
lised heat generation systems. These considerations
are discussed in more detail in Chapters 6, 7 and 8
and summarised in the recommendations for action
(Chapter 9).

Figure 7
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Fraunhofer IEG based on Eurostat [etc.] *incl. taxes and levies, charges, surcharges and fees, excl. VAT on average for the years 2017 to 2021
for the purchasing categories ,Range ID: 2 000 to 20 000 MWh electricity” and ,Range 14: 100 000 to 1 000 000 GJ gas”
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Sweden, Finland, Denmark and Norway stand out
from the rest of Europe in terms of the total thermal
output of large-scale heat pumps already installed
and their relative contribution to district heating
supply (Euroheat & Power 2022). What distinguishes
these countries with regard to the special role of
large-scale heat pumps, and which policy decisions
and/or energy industry framework conditions might
have been decisive for this development in the
district heating sector, will be considered below.

The role of district heating systems in ensuring a
secure, affordable and sustainable energy supply is
evaluated more positively than on average in these
countries (Breitschopf et al. 2022). One possible
reason for the greater public acceptance for district
heating systems, as well as for large-scale heat
pumps, may lie in the many years of accumulated
experience. Often these investments were made
many years ago and have been performing well ever
since. For example, a number of large-scale heat
pumps were installed in district heating systems in
Sweden between 1980 and 1990 already (Euroheat
& Power 2022).

In contrast to other European countries, end consum-
ers in Sweden, Denmark and Norway have compara-
tively high annual heating costs in absolute terms
(Breitschopf et al. 2022). This also applies to Germany
and is mainly due to the fact that in these countries
the demand for heat is higher on an annual average
due to the comparatively low outside temperatures.

The fact that Northern Europe is nevertheless leading
in the roll-out of large-scale heat pumps may be

due principally to the fact that in all four countries
(Sweden, Denmark, Norway and Finland) both a
carbon tax for the heating market (since the begin-
ning of the 1990s) and a subsidy for investment costs
forlarge-scale heat pumps have been in place for
some time (Euroheat & Power 2022). In Sweden, the
carbon tax on fossil fuels for industry outside the

EU ETS is now at €122 per tonne of CO, (Government
Offices of Sweden 2023). In Finland, the operating
costs of district heating systems are also still subsi-
dised (Euroheat & Power 2022).

The example of Denmark also shows the positive
effects of politically driven heat planning and the
associated early and ongoing participation of diverse
stakeholders such as municipal energy suppliers,
planning offices, public authorities and administra-
tive bodies. This can not only simplify and accelerate
approval processes but can also lead to a higher level
of awareness and thus higher public acceptance for
district heating systems (Breitschopf et al. 2022).
Denmark is therefore considered a role model for
successful heat planning and a successful transition
(Breitschopf et al. 2022).
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3 Climate neutrality scenarios and the role
of district heating and large-scale

heat pumps

3.1 Pathways towards an econom-
ically efficient energy and heat
transition

Overview of current energy system
and climate neutrality studies

Germany is committed to achieving climate
neutrality by 2045 as stated in the Federal Climate
Protection Act? (Bundes-Klimaschutzgesetz, KSG),
as amended in June 2021. Specific decarbonisation
targets were set out for individual sectors to make
the Act more binding and to increase its scope.

In order to provide guidance for the stakeholders
affected by the energy and heat transition, several
energy system and climate neutrality studies or
long-term scenarios were prepared and published
in 2021 and 2022.

In 2021, the so-called "Big 5" climate neutrality
studies were published:

- ,Climate-neutral Germany 2045", conducted by
Stiftung Klimaneutralitat, Agora Energiewende
and Agora Verkehrswende (Prognos et al. 2021)

- ,Climate pathways 2.0 — an economic programme
for the climate and the future’, commissioned by

2 The KSG was passed by the Bundestag on 19 November
20109. The climate protection and sector targets set out
in the Climate Plan 2050 were enshrined in law for the
first time in the KSG. In its ruling of 24 March 2021,
the Federal Constitutional Court obliged the legislator
to extend the KSG for the periods from 2031 onwards.

This, together with a tightening of targets at EU level, led

to an amendment to the KSG, which was passed by the
Bundestag on 24 June 2021

the Federation of German Industries (BDI) (BCG
und BDI 2021)

- The pilot study ,Climate neutrality —a new start ",
conducted by dena (dena 2021)

- ,Long-term scenarios for the transformation of
the energy system in Germany 3" for the Federal
Ministry for Economic Affairs and Climate Action
(Bundesministerium fir Wirtschaft und Klima-
schutz, BMWK) (Fraunhofer ISI et al. 2021)

- ,Germany on the path to climate neutrality 2045",
from the Kopernikus project Ariadne, supported
by the Federal Ministry of Education and Research
(Bundesministerium fir Bildung und Forschung,
BMBF) (PIK 2021)

These studies describe, among other things, the
transformation paths and the mix of technologies
and policy measures that could be used to achieve
the climate protection goals in the most cost-effec-
tive way from an economic perspective. They con-
firm that achieving climate neutrality by 2045 or
2050?% in Germany will require the increased use of
renewable electricity in all sectors, which will entail
an vast expansion of wind and photovoltaic capaci-
ties. Beyond this, the studies also agree that heat
pump technology and decarbonised district heating
systems will play an important role in achieving the
goals in the buildings sector (PIK 2022).

3 The ,Long-term scenarios for the transformation of the
energy system in Germany 3" by Fraunhofer ISI et al. 2021
were drawn up before the amendment to the KSG, so they
depict the path to climate neutrality by 2050 in accor-
dance with the targets of the original KSG from 2019.
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Since the "Big 5" climate neutrality studies were
conducted, there have been significant develop-

ments in energy policy, which are discussed below.

Current developments and their significance
for the research carried out for this study

The politically mandated expansion of renewable
energies largely defines the electricity system of the
future. With the reform of the Act for the expansion
of renewable energies (Erneuerbare-Energien-Gesetz,
EEG), the new German government has set a new
target: by 2030, 80 percent of gross electricity con-
sumed is to come from renewable energy sources
(previously 65 percent). At the same time, the estimate
of future electricity consumption was raised to

750 TWh. Concomitantly, the expansion targets

for wind and solar energy were increased.

The study "Climate-Neutral Electricity System 2035",
conducted by Agora Energiewende (Agora Energie-
wende, Prognos, Consentec 2022), sets out how these
goals can be achieved and what challenges there are
regarding the necessary measures for infrastructure
expansion (renewable energy and electricity grids) and
for making the electricity demand side more flexible.

The accelerated expansion of electricity generation
from renewable energy sources also improves the

CO, balance of all electricity-consuming plants and
systems, such as heat pumps and electric vehicles.

If these are then also operated or charged flexibly,
primarily at times when the share of renewable energy
in the electricity mix is particularly high, their CO,
balance is further improved (on flexibility and sector
coupling in the future energy system, see Chapter 3.2).

The fossil energy crisis underscores the need for an
accelerated heating transition. The economic turbu-
lence in the energy sector in 2022 caused by Russia's
war of aggression against Ukraine clearly showed the
dependence of the European Union - and of Germany
in particular — on fossil fuels, and especially on fossil

gas. In order to quickly and sustainably reduce depen-
dence on fossil fuels from Russia, in May 2022 the EU
Commission unveiled the REPowerEU plan. Among
other things, this plan calls for the industrial con-
sumption of fossil gas in Europe to be almost halved
by 2030. The study "Power-2-Heat: Fossil gas Savings
and Climate Protection in Industry” (Agora Industry
and FutureCamp 2022) describes the great potential
offered by the electrification of industrial process heat,
which clearly illustrates the importance of large-scale
heat pumps for the decarbonisation of industry.

The T45 scenarios serve as the basis for the investiga-
tions carried out for this study. In order to take into
account the latest energy policy developments, it was
decided to use the updated "Long-term scenarios for the
transformation of the energy system in Germany 3"
(Fraunhofer ISI et al. 2022b) as the basis for this study.
In the five updated long-term scenarios (“T45 scenar-
ios"), different paths for decarbonising Germany by
2045 are set out. In the three main scenarios, an
increased use of either electricity (T45-Electricity),
hydrogen (T45-H,) or synthetic hydrocarbons
(T45-PtG/PtL) is assumed. For the T45-Electricity
scenario, a sub-scenario at lower energy efficiency
(T45-RedEff) and a sub-scenario at lower fossil gas
consumption (T45-RedGas) are also provided. All

T45 scenarios take into account the targets of the
amended KSG (Climate Protection Act) (including
climate neutrality in 2045 and stricter sector targets)
as well as the increased expansion targets from the
Renewable Energy Sources Act 2023. Among the

T45 scenarios, the T45-Electricity scenario incurs
the lowest cumulative costs for the national economy.
More synthetic hydrocarbons and less efficient
buildings mean higher overall costs for the system.

A comparison of the T45 main scenarios with the
results of the other climate neutrality studies listed
here shows that factoring in the ambitious energy
policy goals and measures adopted in 2021 and 2022
for the year 2030 leads to a significant increase in
renewable electricity generation (in terms of both
proportion and total energy output) and a significant

32



STUDY | The roll-out of large-scale heat pumps in Germany

reduction in absolute greenhouse gas emissions

(see Figure 8). This underlines the necessity of using
climate neutrality scenarios that are as up-to-date
as possible.

Of the studies considered, the T45 scenarios from the
BMWEK (Federal Ministry for Economics and Climate
Action) are the most up-to-date and have the widest
application scope. Since the findings from the long-
term scenarios are also to be incorporated into the
BMWXK's new system development strategy for the
energy sector, the T45 main scenarios were selected
as the basis for further investigations in the context
of this study.

The role of large-scale heat pumps in scenarios
for the heat transition

Achieving a climate-neutral buildings stock by 2045
requires a significant expansion of district heating
systems and a large increase in the number of heat
pumps. The optimisation targets for all T45 scenarios
are configured in such a way that a climate-neutral
buildings sector is achieved by the year 2045. This
also includes assumptions regarding the continuous
reduction of the specific final energy demand of
buildings, which is achieved through energy-saving
renovation measures and the use of more efficient
heating technologies. For the T45-Electricity sce-
nario, the renovation cycles used in the modelling

Key data on electricity generation from renewables in 2030 - Figure 8
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result in an average renovation rate of 1.95 percent
per year, and for all other T45 scenarios in an average
renovation rate of 1.49 percent per year, with corre-
sponding effects on the final energy savings that can
be achieved by 2045. The heat supply is dominated by
decentralised heat pumps and district heating, which
includes heat generation from large-scale heat pumps
(see Figure 9).

Electrification of the heat supply also plays a major
role in the decarbonisation of the industrial sector.
With regard to the economically efficient transfor-
mation of the industrial sector, the T45 scenarios

Development of final energy consumption in the buildings sector

show that, in addition to the use of climate-neutral
synthetic fuels, the electrification of many industrial
processes is a key factor. Industrial electricity con-
sumption therefore increases significantly in all T45
scenarios. Part of this additional electricity con-
sumption results from (process) heat supply from
electrode boilers and large-scale heat pumps which
are not part of district heating systems. At the same
time, district heating demand in the industrial
sector also increases by a factor of 1.4-1.9 by 2045
(compared to 2020) in the T45 scenarios, to which
large-scale heat pumps can also make a decisive
contribution in the future.

Figure 9
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Across all scenarios, there is a clear increase in
the total district heating supply - for both the
buildings and the industrial sectors. Starting at
116 TWh in 2021, the supply of district heating
increases strongly in the T45 scenarios. Depending
on the optimal energy mix in the industrial sector,
district heating supply in 2045 in the different

T45 scenarios ranges from 158-167 TWh, which
corresponds to an increase of 36 to 44 percent
compared to 2021 (see Figure 10).

District heating supply for the buildings sector
is at a similarly high level of 94-96 TWh in 2045
(an increase of 38 to 41 percent over 2021) in
all scenarios. This corresponds to an average
increase in supply of 1.1 TWh per year in Ger-
many (+ 1.5 percent per year). However, since
the heating demand from individual buildings

Development for district heating generation (end supply plus distribution losses)

in the T45 scenarios

is steadily decreasing over the same period

due to efficiency and renovation measures, an
increase in district heating supply in the buil -
dings sector requires extensive network densi-
fication and expansion measures. Specifically,
the T45 scenarios show that the number of new
heating network connections would have to
roughly triple by 2045 (increase by a factor of
2.9-3.1) and that this would require about

130 000 to 150 000 new network connections
each year (+ 8 percent per year) as well as an
expansion of 800 km of distribution network
pipelines (+ 2.5 percent per year) (Mellwig 2022).
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Based on a simplified assumption of investment
costs of 500-1 000 euros per metre of pipeline,*
this amounts to an annual investment volume of
400-800 million euros for the expansion of the
distribution network in the district heating
sector alone.®

By way of comparison, in 2020, the net expansion
in district heating networks according to the
AGFW was around 423 km, which corresponds to
approximately half of the annual expansion that
will be required in the future.

Enabling lower network operating temperatures
to gradually reduce the average temperature level
of the entire district heating network will become
a key feature of future network densification and
expansion projects.

In 2045, large-scale heat pumps could already

be providing more than 70 percent of district
heating. Across all T45 scenarios, it can be seen
that a rapid expansion of heat generation from
large-scale heat pumps is crucial for an efficient
energy system, and that they have the potential

to dominate district heating systems in the near
future. The T45 scenarios show that at the same
time, heat generation from CHP plants will decline
sharply and that from around 2040 onwards only
a small contribution from CHP, from the com-
bustion of substitute fuels, biomass and green
hydrogen, will be needed for peak load and backup
capacities (see Figure 11).

4 Mlustrative assumption based on the cost range for
conventional district heating networks and low-
temperature heating networks with various output
ranges and construction requirements from the tech-
nology catalogue for local heat planning in Baden-
Wiirttemberg (KEA-BW 2022).

5 Approximately 1.7 billion euros were invested in the gas
distribution network in 2021. Of this, around €1.1 billion
was invested in new construction, expansion and exten-
sion and €0.6 billion in the maintenance and renewal of
gas distribution networks (BNetzA 2023b).

Little or no consideration has been given in the
T45 scenarios to the large potential for waste heat
utilisation from industry, data centres and electro-
lysers (which, however, are mainly located near
the sites of large wind farms and ground-mounted
photovoltaic plants because of the optimisation
algorithms). The inclusion of these additional
waste heat sources could - provided they are
economically viable —reduce the considerable
need for large-scale heat pumps slightly further.

In order for large-scale heat pumps in district
heating to fulfil their potential contribution to
the energy transition, an average expansion of at
least 4 GW per year is necessary up until 2045.
In the T45 scenarios, the energy output from
large-scale heat pumps will amount to at least
90 GW by 2045 (Figure 12).

In comparison, Germany is starting from near
zero, given that the capacity of large-scale heat
pumps in operation and planned at the beginning
of 2023 amounts to less than 1 GW (see Chapter
2.4). This means that in the district heating sector
alone there will be an annual market potential for
new large-scale heat pumps of at least 4 GW up
until 2045. Moreover, this figure does not take
into account the demand for large-scale heat
pumps for industrial enterprises not connected
to district heating systems.
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Development for the technology and fuel mix for district heating generation Figure 11
in the T45 scenarios
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3.2 Operating large-scale heat pumpsin a
flexible and system-supporting way

Basic principles of a flexible power and
heat system

District heating systems traditionally have several
different heat generation facilities and technologies,
and can also to some extent use the pipeline network
for heat storage. Increasingly, power-to-heat plants
and large-scale heat storage units are also being
integrated into district heating systems. District
heating suppliers thus have the opportunity to
continuously optimise the use of their heat genera-
tion portfolio depending on the supply and demand
situation on the electricity and heat markets and
subject to other technical and regulatory restrictions.

The prerequisites for electricity generation based
100 percent on renewable energy in 2035, in
addition to the expansion of renewable energy and
the electricity grids, are greater flexibility, more
storage capacity and more sector coupling in the
system as a whole.

The design of the electricity market of the future
must encourage and enable the operation of large-
scale heat pumps in a way that supports the system
overall. However, achieving the cost advantages

of the increased use of large-scale heat pumps as
identified in the optimisation models of the T45
scenarios presupposes that these and other flexible
electricity consumers and energy storage systems
can actually benefit from the low electricity produc-
tion costs of wind and solar plants. For example,
flexible network use charges and guarantees of
long-term favourable electricity procurement costs
are important if the operation of flexible electricity
consumers is geared both to the availability of wind
and solar generated electricity and to the grid load
in a way that supports the system overall.

The extent of the flexibility requirements in the
electricity and district heating sector in the future,
and the resulting requirements for the operation of
large-scale heat pumps, are shown below, based on
the simulation results from the T45-Electricity
scenario for a typical winter week and summer week
in the year 2045. The winter week of the future, just
as it is today, is characterised by high heat demand
and by wind power generation above the annual
average, but also by a comparatively low production
rate from photovoltaic installations. In summer, on
the other hand, there will naturally only be a very
limited demand for district heating. At the same time,
there will often be very high peaks of electricity
production from renewable energy sources during the
day, especially from photovoltaic plants, which will
still considerably exceed even the growing final
demand in the electricity sector.

Operating large-scale heat pumps in a way
that supports the power system

In winter, large-scale heat pumps will in future
dominate the highly flexible portfolio of heat gener-
ation systems and will be supplemented by solar and
geothermal energy, climate-neutral CHP and heat
storage systems. Figure 13 shows the feed-in and
demand load curves in the electricity and district
heating sectors for a typical winter week in 2045
under the T45-Electricity scenario. This clearly
demonstrates that in a cost-optimal energy system,
large-scale heat pumps should always be used when
electricity production (from renewables) is high and
favourable electricity supply costs can be obtained.
The heat production that is then not needed to cover
simultaneous demand for heat is temporarily stored
in large-scale heat storage facilities. At times when
there is a demand for heat but renewable electricity
production is low and the wholesale electricity
market price is consequently higher, the heat demand
is met from the heat storage facilities and via other
heat generation technologies, for example CHP plants
using biomass, substitute fuels or green hydrogen.
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Operation of the electricity and district heating sectors in a winter week in 2045* Figure 13
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In summer, flexible large-scale heat pumps together
with heat storage systems will in future meet most
of the heat demand. The feed-in and demand load
curves in the electricity and district heating sectors
for a typical summer week in 2045 under the
scenario T45-Electricity are shown in Figure 14.
This shows that large-scale heat pumps will (have
to) be used extensively in the future, even in the
summer when heat demand is low, and in particular
whenever electricity generation from solar and wind
power plants is particularly high.

This flexible, "green electricity-led" operation of
heat pumps reduces the load on the electricity grids
through coupling with the heating sector, avoids
unnecessary curtailments on renewable electricity
production and reduces the carbon footprint of

heat generation. However, the majority of the heat
generated during these periods is not consumed
immediately, but is saved in heat storage facilities
for periods when higher heat demand coincides with
low renewable electricity supply.

The resulting heat storage capacity requirements in
the T45 scenarios are shown in Figure 15. This shows
that the total installed heat storage capacity has to
increase from about 66 GWh in 2020 by a factor of
9-13 to reach 625-871 GWh in 2045. In the opti-
mised energy system of the T45 scenarios, the
large-scale heat storage facilities are designed to
cover the maximum heat demand in 2045 for an
average of 15 to 21 hours when fully loaded. Com-
pared to 2020, this amounts to an increase in the
discharge time by a factor of 6-9.

Seasonal thermal energy storage, such as under-
ground geothermal storage, aquifer storage, mine or
pit storage, or large borehole heat exchangers, was
not explicitly considered in the long-term scenarios.
This means that in individual district heating

systems, heat storage can under certain conditions
play a greater role.®

The flexible and system-supporting operation
of large-scale heat pumps is ecologically and
economically advantageous and enables the use
of a high proportion of renewable energy. In an
economically optimised mode of operation, the
contribution of large-scale heat pumps to heat
generation increases

- as the share of wind and photovoltaics in electric-
ity generation increases, because this equates to
alower CO, emission factor in the electricity mix;

- as the residual load decreases, because the "elec-
tricity surpluses” from renewable energy sources
acquire monetary value through the coupling of
the sectors made possible by the heat pumps;

- as electricity prices fall, because this reduces the
electricity supply costs for heat pump operators.

This is clearly confirmed by the regression analy-
ses on the relevant data from the T45-Electricity
scenario shown in Figure 16. A prerequisite for this
is an electricity market designed in such a way that
the low electricity production costs from renewable
energy sources also result in low electricity pur-
chase costs for electricity consumers. In order to
enable large-scale heat pumps to be operated
flexibly in a way that supports the system, market
price signals must not be distorted - as is the case,
for example, with the existing network use charg-
ing system, which rewards steady and constant
network use (high full load hours).

6 In addition to geological suitability and/or the space
available for seasonal heat storage, high-quality heat
sources (high COP or low operating costs) need to be
available.
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Operation of the electricity and district heating sectors in a summer week in 2045* Figure 14

[Gw]
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Electricity sector
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0
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B coal B Methane B Biomass [ Other renewables
B other B Onshore wind B offshore wind Photovoltaics
B Additional electricity demand** [ E-mobility [l Decentralised heat pumps [ Hydrogen
[ Battery storage I Pump storage B Import and export M curtailment
District heating sector
125
100

-100
-125
Mo Tu We Th Fr Sa Su
[ Large-scale heat pumps [ Electrode boilers B Biomass [ Other renewables
M coal M Methane M Hydrogen M other
[ Demand [ Storage

Fraunhofer IEG based on Fraunhofer ISI et al. (2022b). * Late August 2045 in the T45-Electricity scenario. **incl. electricity demand from
large-scale heat pumps

41



Agora Energiewende | The roll-out of large-scale heat pumps in Germany

%

X5 53

“imaste 47,
O

o,
o
O

59
o,
&

oy
e,

J
‘{%}

J)OO o
ool

o

5
oy
.




STUDY | The roll-out of large-scale heat pumps in Germany

In future, large-scale heat pumps in district
heating systems will be operated with an average
of only around 1 300 full load hours per year.

In order to be able to meet the high operating
flexibility requirements, large-scale heat pumps
will have to have greater excess capacity with
respect to their designated heat output in the
future. This means that the installed capacity

of large-scale heat pumps will clearly exceed the
maximum heating load of the customers connected
to the district heating networks in the future.
Consequently, the sum of the annual full load hours
of large-scale heat pumps in the future will be
significantly lower than today (around 1 247 flh

in 2030 and around 1 308 flh in 2045 (in the
T45-Electricity scenario, see Figure 17)).

The influence of the expected future rate of utilisa-

tion of a large-scale heat pump on its cost-effec-
tiveness and the question of what effect different

District heating load curve* in 2045
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COPs (Coefficients of Performance),” different heat
sources and different utilisation periods have on
the heat production costs and thus on the cost-
effectiveness of a large-scale heat pump project
can be investigated during the initial evaluation
phase already by means of sensitivity analyses. A
selection of useful sensitivity analyses for provid-
ing rough guidelines is described in Chapter 7.2.

In contrast to district heating systems, production
processes in industry usually have a significantly
higher annual rate of utilisation. For the heat
pumps used to supply these production processes
with heat, an average of around 6 000 full load
hours can therefore be assumed (Agora Industry
and FutureCamp 2022).

7 The COP expresses the ratio of the thermal power
generated to the electrical power used.

Figure 17

S D LD B D S DDA PSP D 0P (DS D AS D S
PP PP G P I O AV, 10 VA S PP 6T 60 6T A BT AT R 05 N
Annual hours

I other heat producers I pemand

[ Large-scale heat pumps I storage

Fraunhofer IEG based on Fraunhofer IS et al. (2022b). * Heat load incl. storage loading in the T45-Electricity scenario
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Through “green power-led operation’, large-scale
heat pumps can very quickly achieve very low CO,
emission factors. Operating large-scale heat pumps
flexibly and geared to the wholesale electricity price
increases the share of renewable energy in the
electricity supply. The resulting electricity mix for
use in heat pumps has a significantly lower CO,
emission factor than the overall electricity mix for
Germany (-88 percent in 2030 and -55 percent in
2045). This benefit of "green power-led" operation
is particularly relevant in the phase up to about
2030, and it diminishes in inverse proportion to

the increasing share of renewables in the overall
electricity mix in Germany. The prerequisite for this,
however, is that the electricity price signals do not
continue to be distorted by a network use charging
system that penalises flexible electricity procure-
ment with high load peaks at times of high electricity
supply and low full load hours.

Minimum economic and ecological benefits*** of flexible

Mixed-source
electricity

Large-scale
heat pump,
flexible operation*

Large-scale heat
pump, high load**

81
68
T E
R

o

25 50 75

Electricity price [€/MWh]

M 2030

100

Replacing CO,-intensive fossil heat generation with
large-scale heat pumps with a very low CO, emission
factor in this way can quickly and substantially
reduce CO, emissions in the district heating sector.
Flexible operation of large-scale heat pumps (low
number of full load hours) significantly reduces
electricity supply costs on the wholesale market
compared to continuous operation (high number

of full load hours). In scenario T45-Electricity, this
results in savings in electricity production using
large-scale heat pumps of around 40 to 60 percent
compared to the average annual price.

Figure 18 summarises, for the years 2030 and 2045,
the minimum economic (electricity price) and
environmental (CO, emission factor of the electricity)
benefits from the flexible use of large-scale heat
pumps compared to an intensive operating mode
(high number of full load hours).

operation of large-scale heat pumps Figure 18

. >6
0 25 50 75 100
CO; emission factor [g/kWh]
[ 2045

Fraunhofer IEG based on Fraunhofer ISI et al. (2022b) assuming a constant COP of 3.0 * Corresponds to the economically optimised operation

of the T45-Electricity scenario with low full load hours. ** Heat generation

from the large-scale heat pump matches immediate heat demand

(no use of heat storage). The maximum heat generation of the large-scale heat pump is limited so that 6 000 full load hours occur over the
year. Assuming that the hourly wholesale prices and CO, emission factors on the electricity market do not change as a result of the change in
the operating mode of the large-scale heat pump. *** Electricity price and CO, emission factor for operation under high load apply only to the
first marginal unit. With each additional unit that switches from flexible operation to high-load operation, the price of electricity (and the CO,
emission factor) increases, because increasingly expensive (and CO,-intensive) electricity generation plants are needed to meet the

additional demand.
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An overview of the other reference years and the 3.3 Key data on the required roll-out
T45-H, scenario can be found in Appendix A.2. of la rge-scale heat pumps in

district heating
The requirements described above for the highly

flexible operation of large-scale heat pumps mean In order for large-scale heat pumps to cover a mini-
that in the future they must be technically capable mum of 70 percent of the district heating demand by
of covering very large output ranges with high load 2045, several gigawatts of heat output and several
gradients — either as a stand-alone system or in gigawatt hours of heat storage capacity will have to
combination with other large-scale heat pumps of be added every year starting from now. This planned
different output classes and operating characteris- roll-out of large-scale heat pumps can be roughly
tics. Both the current technological state of the art divided into two phases (see Figure 19):

and foreseeable technical progress as well as the

statements of manufacturers and planning bodies - In the first phase of the market ramp-up, large-
specialising in large-scale heat pumps indicate scale heat pumps will still mainly be integrated
that this is feasible (for more information, see into existing district heating systems with high
Chapters 5 and 6). flow temperatures and will supplement existing

generation portfolios. In addition, especially at
the neighbourhood and municipal district levels,
new district heating systems operating at lower

Roll-out of large-scale heat pumps in two overlapping phases Figure 19

100%

1) Large-scale heat pumps market ramp-up phase

* Integration into existing district heating systems and

7: 75% addition to existing generation portfolios

aQ

2 » Achievement of sufficient COPs at high flow

E’ temperatures (in winter) or good COPs at lower Large-sca|e

§ flow temperatures (e.g. summer and heat pumps

< @ changeover seasons) or return flow > 70%

2 S0 temperature uplift (all year round) S

7]

© 2) Market maturity stage

=

‘o « Large-scale heat pumps with a good

= 5504 COP for higher flow temperatures or with a

N high COP at lower flow temperatures
« Year-round flexible operation with heat storage

in large load ranges
0%
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Fraunhofer IEG (2023)
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-S>

temperature levels will be created, powered by
large-scale heat pumps. This phase is characterised
by high flow temperatures (in winter) or good COP
values (see Chapters 4 and 5) at lower flow tem-
peratures (for example in the summer and change-
over seasons) or when large-scale heat pumps are
integrated into the return flow of existing heating
systems (all year round).

In the second phase of market development,
large-scale heat pumps will take on the main role
in heat supply in more and more district heating
systems and, in combination with large-scale heat
storage systems, will be operated flexibly and in a
way that supports the overall system all year round.
Technological progress is leading to improved COP
values both in modern networks with low flow
temperatures and in the remaining networks with
higher flow temperatures.

Chapter 3.1, the T45 scenarios indicate an economi-
cally optimal output from large-scale heat pumps of
90 GW to 108 GW in 2045. With less than 1 GW of
large-scale heat pump capacity installed in Germany
in 2023, this corresponds to an average annual
expansion requirement of around 4.0-4.9 GW

per year in the remaining 22 years until 2045.

Assuming the size distribution of large-scale heat
pumps is in line with the CHP plant stock above
500 kW (see Figure 20), this would equate to around
340 to 410 individual new projects per year, all of
which would have to go through the entire planning,
approval and financing process and require the
corresponding resources.

A comparison with the other major climate neutrality
studies shows that large-scale heat pumps will
cover a large part of future district heating genera-

Around 340 to 410 large-scale heat pump projects tion in almost all scenarios. The precise proportion

with a combined capacity of 4.0-4.9 GW need to depends primarily on the extent to which the

be added every year. As already described in potential input from the utilisation of waste heat,

Distribution of the annual large-scale heat pump addition of 4.0 to 4.9 GW among
the different output classes based on the current CHP plant stock*

Figure 20

>100 MW ca. 8-10 Plants = ca. 2.6 GW/a

> 50 to <100 MW ca. 9-11 Plants = ca. 0.7 GW/a

g > 20 to < 50 MW ca. 14-17 Plants = ca. 0.5 GW/a
EL >10 to < 20 MW ca. 12-15 Plants = ca. 0.2 GW/a
o
E >5to <10 MW ca. 10-12 Plants = ca. 0.1 GW/a
>1to<5MW ca. 92-110 Plants = ca. 0.2 GW/a
>05to<1MW ca. 194-234 Plants = ca. 0.1 GW/a
0 50 100 150 200 250 300 350

Plants per year

Fraunhofer IEG based on Fraunhofer ISI et al. (2022b), BNetzA (2023a). * Assumption: size distribution of large-scale heat pumps corresponds
to that of CHP plants > 500 kW at the end of 2022.
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geothermal energy and solar thermal energy is
included in the scenarios, as well as the pace of

the renovation of the building stock.

However, there is no doubt that the future expan-
sion path for large-scale heat pumps must be
extended and that the appropriate political guide-
lines and regulatory frameworks must be in place
for this to happen.

To put this into perspective: an average expansion
target of 4.5 GW for new large-scale heat pump
capacity per year would correspond to an invest-

unit investment costs for each thermal output class
and heat source can be found in Chapter 7.2.

The typical district heating system in 2045 will be
significantly different from those of 2020. Figure 21
provides a simplified overview of how the typical
German district heating system would have to change
compared to the year 2020 if the results of the T45
scenarios are used as a starting point and transferred
from the national to the local level.

ment/market volume of around 2.7-3.6 billion euros

per year, assuming unit investment costs (incl.

planning, heat storage, peripherals, construction and

commissioning) of 600-800 euros per kW. More
detailed information on the breakdown and level of

The typical district heating system of a German city in 2045* Figure 21
heat supply*
(+2.4% p. 3.) grid connections*
- (+8% p. a.)
emissions

of heat generation from
flexible large-scale heat
pumps (2 1300 full load hours

District heating

in 2045 ‘  F ,
kilometres of district heating

per annum, including storage)

of heat generation from solar- and
geothermal energy, biomass,
waste and hydrogen-CHP

‘ networks (+62% total)

flow temperatures
(as low as possible)

Fraunhofer IEG based on Fraunhofer ISI et al. (2022); * compared to 2020; numbers based on the long-term scenarios IlI

(Fraunhofer ISI et al. 2022b).
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4 Heat sources: potentials and preconditions

4.1 The importance of the heat source
for large-scale heat pumps

In the preceding chapters, the significance of large-
scale heat pumps for the success of the heat transition
and the energy transition as a whole was examined. It
was shown that, from an energy industry perspective,
a very large number of large-scale heat pumps must be
planned, installed and operated in a system-supporting
manner very quickly in order for district heating
systems to be efficiently decarbonised.

This chapter will analyse the different heat sources
available in Germany and their potential advantages
and disadvantages with regard to both their exploita-
tion and use as well as the design and operation of
large-scale heat pumps.

Heat pumps take environmental or waste heat from a
given heat source at a low temperature and release it,

Characteristics and relative evaluation* of various environmental

with the addition of the operating energy required, to a
heat sink at a higher temperature. The properties of the
heat source and the heat sink determine each project

and have an influence on its economic performance.

The most important environmental and waste heat
sources for the operation of large-scale heat pumps are
evaluated in Table 1 according to their most important
features. These will be explained in detail in the
following subchapters. This list could be extended
further: other heat sources include, for example, solar
thermal energy and the thermal use of underground

railway shafts in metropolitan areas.

On the sink side, there are approximately 3 800
individual district heating networks in Germany -i.e.
heat sinks - with varying network temperatures,
network densities and pipeline lengths (see Chapter
2.4). It is expected that the number of district heating

and waste heat sources for the operation of large-scale heat pumps

Environmental and Investment
cop

waste heat sources costs
Ambient air —— +
Near-surface geothermal energy + 0
Medium-deep and

+ -
deep geothermal energy
Mine water + o]
Thermal energy from water o .
bodies (rivers, lakes, seas)
Waste water and sewage

+ +
treatment plants
Industrial waste heat + +
Waste heat from data centres + +

Table 1
Se?sop?l Temperature Potential
availability
- -10-30°C unlimited
+ 5-15°C 450 TWh/year
15°C

+ O By 300 TWh/year

+ 10-40°C 4 TWh/year**

o] 4-25°C 86 TWh/year***

+ 10-17°C 34 TWh/year

+ 20-100°C 52 TWh/year****

+ 20-60°C 16 TWh/year

Fraunhofer IEG based on Born et al. (2022), Bracke et al. (2022), Bracke et al. (2018), Kammer (2018), Gerhardt et al. (2019), Wolf (2017), Fritz
und Pehnt (2018), (AGFW) (2020). * Evaluation of individual factors relative to the other listed environmental and waste heat sources.
**Significantly lower following the end of opencast lignite mining. ***No studies known on thermal use of seawater.

**** Calculation derived from technical potential and assumed COP of 2.5

48



STUDY | The roll-out of large-scale heat pumps in Germany

systems and thus the total pipeline length will continue
to grow (see Chapter 3.1).

The efficiency of a heat pump increases with higher
source and lower network temperatures. In addition to
differences in the temperature at which heat is taken in
by a heat pump, environmental or waste heat sources
also differ in terms of how difficult it is to make them
usable. The efficiency of a heat pump increases as the
temperature of the heat source rises, which reduces the

required to tap the environmental or waste heat and
connect it to the heat pump have a considerable
influence on the capital expenditure (CAPEX).

The specific site conditions with regard to the tem-
perature of the heat source and of the district heating
network determine the level of system efficiency that
can be expected. The preconditions for the efficient
operation of large-scale heat pumps therefore vary
from location to location and from project to project.

operational expenditure (OPEX). The resources

Theoretically possible COPs of heat pumps according to heat source and network flow
temperature, assuming an effciency rating* of 50% and different flow temperatures of the
district heating network

Figure 22
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Fraunhofer IEG (2023). * The highest theoretical COP of a heat pump is measured using the so-called Carnot process. It can be used as a
reference model for a hypothetical heat pump operating without losses. The ratio of real COP to Carnot COP is referred to as the effciency
rating. Due to various influencing factors, such as friction in the system or radiated heat, effciency ratings are generally at around

40 to 60 percent at present. ** When the source temperature approaches the flow temperature, the COP converges towards infinity.
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Figure 22 shows the theoretically achievable COPs for
combinations of different heat sources and heating
networks.

A number of regulatory requirements must be taken
into account for the exploitation of the various heat
sources. Large-scale heat pumps are usually marketed
by the manufacturer as a single unit complete with the
necessary safety approvals. The peripheral elements
for the system as a whole require separate approval
because they are usually not provided by the manufac-
turer of the unit. The construction of a complete system
with a connection to both the heat source and the heat
sink entails new regulatory approval requirements

for the potential operator of the system. A number of
technical specifications for large-scale heat pumps

are involved, irrespective of the heat source. The most
important of these are described below.

For building authorisation to be granted, the provisions
of the local building regulations and in particular DIN
EN 378 1to 4 (Refrigeration systems and heat pumps -
Safety and environmental requirements) must be met.
The DIN EN 378 standard specifies the recognised state
of the art for the safe installation of refrigeration
equipment and heat pumps and regulates, for example,

the fire safety requirements.

Large-scale heat pumps do not automatically require
authorisation under the Federal Immission Protection
Act (Bundesimmissionsschutzgesetz, BlImSchG). The
refrigerant quantities in large-scale systems commonly
used today are well below the thresholds that would
necessitate a permit. For plants in the three-digit MW
range, this would have to be checked for the refrigerant

ammonia, for example.

With regard to immissions, however, heat pumps are
certainly subject to the administrative provisions of the
Federal Immission Protection Act (Technical Instruc-
tions on Noise Protection - Technische Anleitung zum
Schutz gegen Larm, or TA-Larm for short). Together
with the Industrial Safety Regulation (Betriebssicher-
heitsverordnung, or BetrSichV), which regulates many

other safety aspects such as the operation of high-
pressure equipment, and the Workplaces Ordinance
(Arbeitsstattenverordnung, or ArbStattV), this gives
rise to requirements for sound level reductions

at defined distances from the heat pump.

The installation of heat pumps affects water - a pro-
tected resource regulated by the Water Resources Act
(Wasserhaushaltsgesetz, WHG) and the State Water
Acts (Landeswassergesetze, LWG) —not only in the case
of thermal energy from water bodies, but in almost all
cases, because peripheral circuits often use antifreeze
agents that pollute water. Authorisation under the
relevant water legislation is then required.

It should be noted that in Germany, the state and even
local authorities are responsible for permits and appro-
vals, and they have different levels of experience with
regard to large-scale heat pump projects.

In the following section, the challenges posed by
accessing the different heat sources, which have only
been listed in brief so far, will be addressed in more
detail. This includes not only the technological con-
straints but also the current legal situation in Germany
regarding the regulatory requirements for large-scale

heat pumps including peripherals.

4.2 Potentials and preconditions of
different heat sources

Ambient air-an inexhaustible heat source,
but with disadvantages in the cold season

Ambient air, which is widely used for smaller decen-
tralised heat pumps, is available everywhere. This
heat source is subject to strong seasonal tempera-
ture fluctuations and to low temperatures during
the heating season. These low temperatures pose a
challenge in several respects. Large temperature
differences to the outside air, especially in district
heating systems with high flow temperatures, can
require adapted operating modes in individual cases,
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such as an increase in return flow in winter or
operation that is limited to the changeover seasons.

The use of air as a heat source requires comparatively
little investment compared to other heat sources, but
it has disadvantages with respect to operating and
electricity procurement costs due to the lower annual
performance factors that can be achieved.

For large-scale heat pumps using air as the heat
source, very large volume flows must be moved
through the fans. Although heat pump units can be
installed in sound-insulated buildings, this is not
possible for air heat exchangers and the fans they use.
Therefore, when choosing locations, it has to be
ensured that the immission guidelines stipulated by
TA-Larm are adhered to —just as with conventional
CHP plants. The cooling of humid air can lead to a
build-up of ice on the heat exchangers of an air
source heat pump, which then have to be defrosted.
Defrosting processes, including when heat pumps
are started, require additional energy input, which
further reduces the system efficiency.

The cooling of the source air can have a positive effect
on the climate, especially in urban areas. However,
careful planning is needed to guide the air flows
appropriately within the given geographical para-
meters. This is because cold air rises more slowly
than warm air and there is a risk of cold air lakes or

ice forming under certain conditions.

Near-surface geothermal energy - could
potentially provide up to 75 percent of the
heat required in Germany for space heating
and hot water

Near-surface geothermal energy is the term used for
energy at depths of up to 400 metres. Geothermal
energy is a so-called freely-mineable resource, the
ownership of which is not tied to a plot of land. How-
ever, there are exceptions if the geothermal use is
directly linked to the land. The commercial extraction
of geothermal energy therefore requires a mining

authorisation from a state mining office. Geothermal
energy also affects water, a protected resource, ina
particular way. According to the Water Resources Act
(Wasserhaushaltsgesetz, WHG) and the State Water
Acts, contamination of the groundwater or any other
adverse change in its properties must be avoided. In
terms of both water legislation and technology, a
distinction is made between borehole heat exchangers
and boreholes for groundwater use. Geothermal probes
are closed systems that do not directly use water.
Nevertheless, authorisation under water legislation
may be required, as water-polluting antifreeze is
almost always passed through the circuits, which in
the event of aleak could lead to water contamination.
Open systems for groundwater use are in principle
subject to strict regulation.

Geothermal energy is an environmental heat source
which is available all year round at stable temperatures.
Shallow collectors can be installed directly below the
earth's surface. Because their performance increases
considerably when spread over a larger area, collector
systems of this kind are not very suitable for large-
scale heat pumps. Agrothermic projects in rural areas
could prove to be an exception here. In general, bore-
holes for open or closed systems are more promising.
In the roadmap “Near-surface geothermal energy”
published by Fraunhofer IEG in 2022, a potential
supply of useful heat of around 496 to 600 TWh per
year was estimated for Germany at an average COP
of 4, which amounts to up to 75 percent of the heat
required in Germany for space heating and hot water
(Born et al. 2022).

The overall efficiency of the plant is determined jointly
by the mode of operation, the geometry of the extrac-
tion systems and the properties of the subsurface. As
these are tried-and-tested standard technologies and
the near-surface subsurface has generally been well
explored, the planning and development risk can be
classified as low, which is not the case with medium-
deep and deep geothermal energy.
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Medium-deep and deep geothermal energy -
great potential, and high source temperatures
available all year round, but costly to exploit
and not available everywhere

As the drilling depth increases, we speak of medium-
deep and deep geothermal energy, although the demar-
cation between the two (approx. 1 000-1 500 m) is not
uniform in the literature. Beyond drilling depths of
about 600-800 m, small mobile drilling rigs can no
longer be used. This results in a steep increase in
development cost. With increasing depth, the tem-
perature in Central Europe rises by about 3 kelvins
per 100 m. If the hydraulic permeability of the rock
formations is sufficient, deep geothermal boreholes
can provide heat at high temperature levels. The total
potential of the South German Molasse Basin, the
Upper Rhine Graben, the North German Basin and
the Rhine-Ruhr region is estimated to be between
150 and 300 TWh per year at temperatures of 35 to
65 °C (Bracke et al. 2022). Exploration activities,

the drilling of deep boreholes and the subsequent
extraction of medium-deep and deep geothermal
energy are all subject to mining legislation.

Medium-deep and deep open geothermal systems
are subject to a high exploration risk. For example,
the quality of the reservoir may not meet expecta-
tions with regard to the temperature or the hydro-
chemical properties of the thermal water. Above all,
however, production rates that fall short of expecta-
tions can lead to higher operating costs over the
lifetime of the system. It is possible to increase

the natural permeability by hydraulic stimulation,

if necessary in combination with acidification.
Diversion drilling or lateral drilling are also possible
within the working lifetime. However, such methods
involve considerable additional investment as well
as risks with regard to licensing regulations. Deep
geothermal energy is therefore characterised by
relatively high development costs (see Chapter 7.2).

In many countries, state actors assume the explora-
tion risk. Increasingly, however, private insurance

models are coming to the fore. A purely private-
sector scheme for covering the exploration risk was
devised and applied for the first time in 2003 in the
geothermal project in Unterhaching near Munich
(Seipp et al. 2016). In addition to insurance, grant,
loan or guarantee schemes are also conceivable.
Particularly with regard to deep geothermal energy,
Germany is under-researched. In October 2021, the
Federal Environment Agency (Umweltbundesamt,
UBA) therefore invited tenders for carrying out a
study on the "Expansion of climate-neutral renew-
able district heating from deep geothermal sources".
The objectives of this study include developing ways
to improve the availability of data for the exploration
and execution of geothermal projects as well as
devising different funding instruments to safeguard
against exploration risks (Bracke et al. 2022).

Pit water-only available in a limited number of
locations, but a very valuable local heat source

It is not only through geothermal boreholes that
heat can be extracted from the earth. The extensive
mining of hard coal, mainly carried out in North
Rhine-Westphalia, has led to subsidence of the
ground above the former mine shafts. To prevent
further subsidence and to protect against flooding,
the water in the coal mines must be continuously
pumped out. This dewatering thus represents a
so-called perpetual burden. The use of sump water
from opencast lignite mining, on the other hand,

is limited to the duration of the mining operation.
Taking all sites into account gives a potential of about
4 TWh per year for the year 2035 and 1 TWh per
year in 2050 at an average source temperature of
about 35 °C (Bracke et al. 2018).

Thermal energy from surface water bodies -
an easily accessible energy source with strong
seasonal temperature fluctuations

The term “"thermal energy from water bodies" encom-
passes the energetic use of environmental heat from
all surface water bodies such as lakes, rivers and
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seawater. In principle, this requires authorisation
under the legislation pertaining to water. The cooling
of overheated bodies of water can to a certain extent
have positive effects on their ecology or on the urban
climate. In general, restrictions are imposed to limit
the degree of cooling permitted or the maximum
amount of water that can be discharged. Since
large-scale heat pumps only cool the water and do
not alter it materially, there is no danger that its use
as a heat source will lead to competition with other
potential uses.

Unlike in other countries, such as Switzerland or the
UK, there is not yet a national registry for water heat
sources in Germany. In Switzerland, a register of this
kind was compiled for lakes and rivers by the Swiss
Federal Institute of Aquatic Science and Technology
(Eidgendssische Anstalt fiir Wasserversorgung,
Abwasserreinigung und Gewasserschutz, Eawag)
(Gaudard et al. 2018). While, as far as the authors are
aware, there are still no studies at all on the potential
for thermal use of seawater in Germany, for the
potential from lakes there is only a rough estimate
based on the heat demand in their immediate vici-
nity. This found a potential extraction capacity of
around 59 TWh per year (Kammer 2018). Tempera-
tures vary greatly according to the season and are
around 4 to 25 °C (Gerhardt et al. 2019).8

From a technological point of view, the biology of the
water bodies also poses special challenges. To avoid
fouling, for example by mussels, high flow velocities
and rakes and/or filters are needed. Heat exchangers
which are easy to clean, such as shell-and-tube heat
exchangers, must be used, and it must be ensured that
the piping system can be cleaned internally, which
means that more space is required. In addition,
attempts are being made in practice to meet water

8 The lower limit equates to the source temperature requi-
red to avoid icing on the source side due to cooling. It
corresponds to the temperature at which water can be
pumped from only superficially frozen surface water
bodies in winter due to the anomalies associated with
water at 4 °C.

protection requirements by using less hazardous
refrigerants. Of particular interest here is the non-
flammable and non-toxic refrigerant CO,. This
requires very high pressures in the heat pump, which
makes it more expensive. In addition, its thermody-
namic properties require particularly low return
temperatures to ensure efficient operation. The
reasons for this are explained in more detail in
Chapter 5.

Wastewater and sewage treatment plants -
available all year round and in almost all larger
urban areas, i.e. close to heat sinks

Sewers and wastewater treatment/sewage treatment
plants represent an almost universally available heat
source with low temperature fluctuations between
about 17-20 °C in summer and 10-12 °C in winter
(AGFW 2020). The COP in winter is therefore usually
better than with air or water bodies as heat sources.
In addition, this heat source is often close to the heat
consumers (Ecke and Géke 2017).

Theoretically, with the total amount of wastewater
and sewage water available throughout Germany,
around 31 TWh of environmental heat can be extrac-
ted annually with a temperature draw-off of 3 kelvins.
The extraction capacity is limited by the minimum
wastewater temperature required at the sewage
treatment plant inlet. However, because the flow rates
vary over time and because only part of the potential
can be technically exploited, the theoretical potentials
documented in the literature will be lower in practice.
Already completed projects and studies have shown
that a temperature reduction of 4 kelvins does not
impair the functioning of sewage treatment plants
(Fritz and Pehnt 2018).

For sewers, a potential of around 25 TWh per year

was calculated for a temperature reduction of 4 kelvins
(Fritz and Pehnt 2018) and for a temperature reduction
to 3 °C a potential of around 8-9 TWh per year (Ger-
hardt et al. 2019) for wastewater treatment plants.
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One technical challenge posed by the use of sewers

is the highly fluctuating water supply.® In addition,
contamination by biological matter poses a problem for
the use of sewers and wastewater treatment plants.
Particularly in the case of sewage treatment plants,
care must be taken to protect the clean water from
refrigerant pollution. Even stricter requirements apply
here than for thermal energy from water bodies. This
can be addressed in indirect integration by means of
intermediate circuits and in direct integration using
double-walled heat exchangers.

In the event of contamination of clean water, not
only technical solutions are required, but also a legal
clarification of liability, and thus close cooperation

is needed from the very beginning between sewage
treatment plant operators and wastewater companies
and the operators of large-scale heat pumps.

Industrial waste heat - great potential, very
close cooperation needed between the supplier
and the user of the waste heat

Industrial waste heat is produced throughout Germany
inlarge quantities and at different temperature levels,
sometimes above the temperature level of district
heating networks. Especially at higher temperatures,
industrial waste heat should first and foremost be fed
back into industrial processes as much as possible in
order to exploit the potential for increasing energy
efficiency there. Only after this utilisation cascade,

or where no heat recovery is possible or justifiable
from an energy or economic point of view, should the
remaining industrial waste heat be extracted for use in
district heating networks. The total potential, exclud-
ing the energy required to drive the large-scale heat
pumps, is estimated at 86 TWh per year just for the
temperature range < 100 °C (Wolf 2017).

9 In 2019, 26 percent of the wastewater volume generated
in Germany was accounted for by periodically occur-
ring rainwater. A further 17 percent is accounted for by
infiltration (UBA 2023b). This could also be assumed to
be periodic.

However, when heat is recovered from industrial
processes, the heat is only a by-product. This means
that industrial companies will not align their produc-
tion processes with heat requirements and that any
heat recovery must not have any adverse effects on
the main process. The resulting requirements for the
maintenance of temperature differences and material
flows can mean additional buffer storage needs, for
example in batch processes. Contamination must also
be avoided - as with thermal energy from water bodies
or heat recovery from sewage water.

In addition, there is considerable need for coordination
between the heat consumers and the industrial
companies, which have different (typically shorter)
investment and operating horizons from those of a
district heating network operator. Cases are conceiva-
ble where the waste heat source could run out earlier
than planned because industrial processes are altered
or discontinued for business reasons. It is also possible
that industrial transformation could lead to restruc-
turing of industrial sites and thus to a reduction in the
available waste heat. There is therefore a greater need
for cooperation between the waste heat supplier and
the waste heat user. Finally, the sale of waste heat must
not lead to a fossil fuel "lock in".

Waste heat from data centres — great potential
for synergies, provided the data centres are built
close to the heat sinks

Due to advancing digitalisation, data centres will
become increasingly important as waste heat sources.
Even if decreasing electricity demand from data
centres over time due to efficiency improvements

is taken into account, a general increase in energy
demand from this sector in Germany can be assumed
due to numerous projects in planning or already
announced. According to T45 long-term scenarios,
demand is forecast to be around 16 TWh in 2025 and
up to 23 TWh in 2045. The electrical energy used is
converted into heat and can thus be made usable for
heat pumps. Assuming a utilisation rate of 70 percent
for the waste heat, this results in a maximum thermal
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potential of 16 TWh in 2045. In order for this poten-
tial to be realised, future data centres must be located
close to heat sinks - for example, to a district heating
system. The Energy Efficiency Act (Energieeffizien-
zgesetz, EnEfG, as of 19 April 2023) passed by the
Cabinet stipulates, among other things, that data
centres must cover their energy needs exclusively
with unsubsidised electricity from renewable energy
sources from 2027 onwards (and to at least 50 percent
from 2024 onwards). New data centres starting their
operations from July 2026 must also have a so-called

Comparison of the potential heat supply* via heat pumps and the heat demand

up to 200 °C** in Germany (excluding ambient air)

Heat supply (1571 TWh/a)

I Near-surface geothermal energy
[ Deep geothermal energy

B water from lakes and rivers

I Industrial waste heat

. Waste water, mine water, data centres

energy consumption efficiency of at least 1.3 (data
centres already in operation then must achieve this
level by July 2030).

The temperature of the waste heat varies from data
centre to data centre depending on the cooling system
used. Whereas an air-cooled data centre generates
temperatures of up to approx. 30 °C, the waste heat

of aliquid-cooled centre is at around 60 °C.

Figure 23

Heat demand up to 200 °C (1070 TWh/a)

[ Space heating
B Hot water
B Process heat

B Space cooling and process cooling

Fraunhofer IEG based on Born et al. (2022), Bracke et al. (2022), Kammer (2018), Gerhardt et al. (2019), Fritz und Pehnt (2018), Wolf (2017),
Stobbe et al. (2015). * The heat supply is made up of the potential supply from different heat sources (darker colours) plus the necessary
operating power (lighter colours) for the heat pumps, assuming an average COP of 2.5. ** Heat demand based on final energy consumption
in Germany in 2021, excluding process heat of private households and process heat >200 °C.
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4.3 Potential of heat sources in Germany

Germany's heat requirements up to 200 °C could be
completely supplied by heat pumps. Figure 23 shows
the upper limits of the potential heat supply calcu-
lated so far for Germany for the heat sources dis-
cussed above (excluding ambient air) and compares
them to the final energy consumption in the heating
sector in 2021 as a reference point. There are still
uncertainties regarding the potentials as described,
which are reflected in the wide variations in the data
available in the literature. However, several analyses
of these potentials are currently being carried out or
are planned, both at the federal level and in several
federal states —not least in order to lay the necessary
groundwork for numerous heat transformation studies
and local heat plans which will have to be drawn up in
the next few years. As a result, the data available for

this area will improve in the next few years.
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The heat demands summarised under the term
process heat demands in Figure 23 are divided into
different temperature and industry segments. They
cover demands at temperatures of up to 200 °C and
which could therefore be decarbonised effectively
through the use of large-scale heat pumps. Up to
these temperatures, as shown in Chapter 6.1 and
Appendix A.3, serial production models from several
large heat pump manufacturers are already available
or in an advanced stage of development. In addition,
some systems currently in development can reach
sink temperatures of up to 250 °C. Above this tem-
perature, other technologies using direct electricity
can be used, such as electrode boilers or electric
furnaces. Overall, about 37 percent of industrial heat
demand is below 200 °C (UBA 2017).
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5 Technological state of the art: main compo-
nents, key data, potential for development

The choice of the most appropriate large-scale heat
pump for any specific project is determined by the
local operating conditions and parameters. They
determine the design and the choice of refrigerant.
The low source temperature defines the temperature
at which locally available environmental heat can be
taken up by the heat pump. The high sink tempera-
ture determines the temperature at which the heat to
be provided by the large-scale heat pumps is supplied
to a district heating network or an industrial process.
If the parameters of the source and sink to be con-
nected are known, an appropriate heat pump can be
selected for the project.

5.1 Functional principle of compression
heat pumps

Although large-scale heat pumps function according
to the same thermodynamic principle as the more
familiar small heat pumps for buildings, they are
more like combined heat and power (CHP) plants in
terms of their dimensions (heating capacity, volume
flow, pressure ratios, space requirements), their
complexity, the investment costs and the costs of
operating, maintaining and servicing them.

The underlying technical principles are explained
below using the example of the compression heat
pump, which is the most common heat pump tech-
nology in district heating applications.

Closed-cycle compression heat pumps take up
thermal energy at a low temperature and release it
together with the drive power at a higher temperature
to a heat sink. In the process, a refrigerant circulates
inside and goes through four principal process steps:
temperature increase through compression, heat

transmission, expansion and warming.

In terms of components, the temperature increase
occurs through the pressure increase in a compres-
sor. In the simplest conceivable circuit for a closed-
loop compression heat pump, heat is released via a
first heat exchanger, expansion occurs via an ex-
pansion valve and heat is transferred via a second
heat exchanger before the refrigerant is returned to
the compressor.

In the heat exchangers, so-called phase changes take
place during subcritical processes.!® This is why the
heat exchanger for the heat release from the refriger-
ant is called a condenser and the heat exchanger for
the heat intake is called an evaporator. In transcritical
processes, the heat transmission takes place without
phase transition, which is why in this case it is called
a gas cooler instead of a condenser. For the two heat
exchangers, shell-and-tube heat exchangers are
most common, and plate heat exchangers for less
polluted media (Arpagaus 2019). Figure 24 is a
schematic representation of a circuit with the four

main components.

In order to increase the efficiency of compression
heat pumps and for optimal system operation, a large
number of different configurations have established
themselves on the market. Figure 25 shows an ex-
ample of the impact of selected configurations on the
costs of the circuit components and on the COP for a
heat pump process with fixed temperature lift and
sink temperature values (Mateu-Royo et al. 2021).

Complex configurations with a larger number
of components to increase the COP lead to higher
investment costs. For this reason, it is always

10  Phase changes refer to changes in the aggregate state of
media, i.e. transitions to a solid, liquid or gaseous state,
for example through evaporation or condensation.
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necessary to weigh up the potential benefits against
the higher investment requirements. With increas-
ing full load hours, the lower consumption costs can
outweigh the higher investment costs, so the impact
of a specific configuration on the cost-effectiveness
of the overall investment can be determined on the
basis of the calculated full load hours.

The selection of the appropriate configuration
enables an optimum system design for the specific
temperature levels of the heat source and heat sink.
A common configuration to increase the efficiency of
heat pumps is the use of an internal heat exchanger
(IHX) between the condenser outlet and the evapora-
tor outlet. The additional over-heating of the refrig-
erant before compression enables a reduction of the

required compressor capacity and thus an increase in

Schematic representation of a large-scale heat pump

Engine

Compressor

Fraunhofer IEG (2023)

the COP, in addition to avoiding droplet impact in the
compressor. A reduction in the pressure ratio to be
overcome by the compressor can also be achieved
through the integration of an ejector, which combines
the high-pressure refrigerant with the flow at the
evaporator outlet after it leaves the condenser and
thus compresses it to a higher pressure level.

Multi-stage compressors operating at different
pressure levels have become established on the
market as a means of bridging large temperature
lifts. Interstage cooling takes place between the
compressor stages.

So-called economisers or flash tanks can also be

integrated as an additional means of increasing
efficiency. This involves injecting superheated

Figure 24

Condenser

Expansion valve

Evaporator
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steam (economiser) or saturated steam (flash tank)
between two compressor stages or directly into the
compressor, which reduces the required pressure
ratio and thus the power required to drive the com-
pressors. The economiser can also be connected to
another compressor (parallel compressor) or another
evaporator (booster).

An additional evaporator enables the use of heat
sources with different temperature levels. For high
temperature lifts, it is also possible to use two refrig-
erant circuits with different refrigerants, connected
in series. A heat pump cascade of this kind allows the
compressors and refrigerants to be optimally config-
ured for the relevant temperature range.

There is a good prospect of further increases in
efficiency in the future through waste heat recovery
and the integration of expanders. In addition to such
already established technologies, there are additional
possibilities for further increases in the efficiency of
large-scale heat pumps in the future. For example, the
waste heat from the electric drive or from the com-
pressor can be used directly through heat recovery.
Another possibility for increasing the COP is the
integration of an expander. Here, instead of expan-
sion via the expansion valve, mechanical work is
recovered for driving the compressor. Transcritical
circuits are particularly suitable for implementing
this technology, as they enable the refrigerant to be
expanded in a single phase.

lllustrative impact of different configurations on the costs of the circuit components Figure 25
and the COP under constant parameters*
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5.2 The compressor as key component

The design of the individual components of a
large-scale heat pump must meet the requirements
of the heat source and the heat sink. Since the
compressor determines the temperature and
performance range as well as the efficiency and
is also the most expensive single component of a
heat pump, it will be discussed separately here.

Multi-stage reciprocating or piston compressors,
single- or twin-shaft high-pressure screw com-
pressors and multi-stage turbo compressors are all
established on the market as compressor technolo-
gies for large-scale heat pumps (Arpagaus 2020).
Scroll compressors are also widely used in heat pump
technology, but due to the small volume flows they
are usually found in power classes below 500 kW.
Due to this technical distinction, the threshold for
the definition of a large-scale heat pump was set at
500 kW for this study. Figure 26 compares com-
pressor technologies in terms of their achievable
heating outputs and temperature lifts, as well as
their suitability for flexible modes of operation.
This ranking serves as a guideline and is not to be
regarded as applicable to the overall performance

of the individual compressor.

In the field of large-scale heat pumps, piston
compressors are mainly used for smaller perfor-
mance classes with correspondingly smaller volume
flows, as the highest pressure ratios and thus
temperature lifts can be achieved with them due

to the positive displacement principle. In addition,
this pump design is efficient in the partial-load
range. On the other hand, there are high noise
emissions and vibrations, which can affect where
the heat pump can be used.

Screw compressors are mainly used for higher
capacities up to the megawatt range. Due to their
excellent cooling capability, the possibility of
oil-free operation and of achieving high pressure
ratios, screw compressors are also suitable for wide

temperature ranges right up to high-temperature
applications. In addition, they are regarded as low-
maintenance and robust over a long service life
with high efficiency over a wide power range.

Turbo compressors have the largest volume flows
and thus heating capacities, up to 70 MW (Siemens
Energy 2023b). This compressor technology can
also be operated oil-free thanks to innovative
magnetic bearings. However, it is used less fre-
quently in smaller power classes due to the low
incremental pressure rise per stage and the associ-
ated high drive energy requirement. In addition,
turbo compressors cannot be optimally designed

to be controllable over wide performance ranges
because they are based on a different physical
operating principle from piston and screw compres-
sors. The pressure is not increased by displacement,
but by impulse transmission and deceleration.

The main need for development in compressor
technology is with regard to new refrigerants, more
flexible modes of operation and higher sink tem-
peratures. For the compressor as key component of

a heat pump, the main areas where development is
needed are in adaptation to new refrigerants, more
flexible modes of operation and higher sink tem-
peratures. This may mean redesigning and further
developing the cooling or lubrication and mechanical
components such as bearings and valves, seals and
other plastics. To improve heat resistance, for exam-
ple, oil-free compressors are being tested with a

focus on innovative bearings and direct injection of
refrigerants. The use of heat-resistant materials and
new cooling technologies is also being considered by
several manufacturers. As process steam generation
by means of open large-scale heat pumps is becoming
increasingly important, there is also a need for further
development and optimisation of mechanical steam

COompressors.

As described in Chapter 3.2, the operation of large-
scale heat pumps in a way that supports the network
requires modes of operation that are flexible and
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driven either by heat or electricity. This includes,
in particular, designs that enable a wide operating
range with the most efficient and robust perfor-
mance possible in the partial load range, as well as
rapid load changes and start-up and shutdown
processes. For intraday trading and the minute
reserve, this means that in future large-scale heat
pumps must be able to respond to start-up and
shutdown commands at 15 minutes notice at most.
Participation in the secondary or primary control
reserve market would entail even shorter response
times and higher prequalification requirements
(50Hertz Transmission GmbH et al. 2022).

The control and regulation systems of large-scale
heat pumps must be upgraded so that they can react
dynamically to a changing electricity market
situation. In large-scale heat pumps, the output is
regulated by adjusting the compressor speed with
the help of a frequency converter. The compressor is

Heat output, temperature lift and flexibility of large-scale heat pumps
depending on different compressor technology types

Scroll Piston

therefore the main determinant of flexibility. Positive
displacement machines such as reciprocating piston
and screw compressors can be used much more
efficiently over a wide operating range than turbo
compressors. Turbo compressors, on the other hand,
enable significantly higher heating output. Since
district heating applications require high output
classes with simultaneously lower full load hours
from year to year and higher flexibility, a trade-off
must be made between the operation of stand-alone
large-scale systems and the modular operation of
several large-scale heat pumps with optimised
output regulation.

Several smaller heat pump units can offer advan-
tages in terms of standardisation of production and
planning, in addition to the potential increase in
flexibility. However, the modular mode of operation
faces higher investment costs compared to a single
unit, which is why an upscaling of reciprocating

Figure 26
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Fraunhofer IEG (2023)
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piston and screw compressors for higher performance
classes is being pursued by some manufacturers.

5.3 The importance of environmentally
friendly refrigerants

The choice of the correct refrigerant for a heat pump
is first of all a technical question. A medium must be
found with thermodynamic properties that promise
optimum efficiency for the source and sink tem-
perature determined by the application and for the
selected circuit configuration. For certain tempera-
ture ranges, various refrigerants can be considered.

In heat pumps with flow temperatures up to 80 °C,
the refrigerants R410a and R134a are widely used
today. Ammonia (R717), a natural refrigerant, has a
similar application range with sink temperatures up
to 110 °C. For flow temperatures up to 80 °C, propane
(R290) is also an alternative refrigerant.

Heat pumps with carbon dioxide (R744) as refriger-
ant are operated at temperatures of 80 °C to 120 °C
on the sink side and below 30 °C on the source side
(Arpagaus 2019). A very efficient mode of operation
for CO, heat pumps is achieved with large differ-
ences between the flow and return temperatures. In
this case, the heat transmission is achieved by gas
cooling with decreasing temperature of the refriger-
ant instead of isothermal condensation.

For high-temperature applications above 120 °C,
hydrocarbons such as iso-butane (R600a), butane
(R600) or pentane (R601) are also suitable. Many
manufacturers of large-scale heat pumps also use
synthetic hydrofluoroolefin (HFO) refrigerants for
the high-temperature range. For the temperature
range above 120 °C, options include the HFO refrig-
erants R1336mzz(Z), R1233zd(E) and R1234ze(Z).

The use of water (R718) can be advantageous for
very high flow temperatures of 200 °C and beyond

for the provision of industrial process heat or
process steam.

Refrigerants for heat pumps can be either natural or
synthetic. These differ mainly in terms of their
environmental friendliness. The influence of the
refrigerant on the efficiency of a heat pump circuit
isillustrated in Figure 27.

Although synthetic refrigerants are still widely used
today, they and their degradation products have a
global warming potential and will therefore be almost
universally banned in the future. Until the 1990s,
chlorofluorocarbons (CFCs) were the main refriger-
ants used, but they damage the ozone layer of the
atmosphere either directly or indirectly through their
degradation products. In Germany, an ozone depletion
potential (ODP) of zero has been mandatory since
1995, and most ozone-depleting refrigerants have
therefore been replaced by hydrofluorocarbons
(HFCs). However, these replacements still have a
notable global warming potential, as shown in Table 2.

The global warming potential (GWP) measures the
relative contribution of a greenhouse gas to global
warming compared to the same mass of CO,. The
GWP of refrigerants has been regulated by the
European F-Gas Regulation since 2015. Currently,
a gradual reduction of HFC refrigerants to 21 percent
is planned by 2030, which is why it can be assumed
that refrigerants with a high global warming po-
tential will be replaced over time. Another requi-
rement for refrigerants is that their residence time
in the environment should be as short as possible.
This applies not only to the refrigerant itself, but
also to its degradation products.

The degradation products of some HFOs include
per- and polyfluorinated alkyl substances (PFAS),
often referred to as “forever chemicals", which can
accumulate in the environment and in humans -
another reason for their ban. PFAS, which are used
in many everyday products primarily for their
grease-, dirt- and water-repellent properties,
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Coefficients of performance (COPs) for different refrigerants in a single-stage circuit*
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Fraunhofer IEG based on Mateu-Royo et al. (2021). * Temperature lift (60 K), sink temperature (130 °C) and circuit configuration constant

for all refrigerants

are suspected of causing cancer, among other things.
For this reason, in February 2023 the European
Chemicals Agency ECHA presented a proposal from
five EU states to ban all compounds of this sub-
stance class within the next twelve years (ECHA
2023). A decision to impose this ban under the
REACH Regulation is expected in 2025. The exclu-
sion of refrigerants via the PFAS regulations could
lead to them being banned even faster than under
the F-Gases Regulation. Such a ban does not stand
in the way of the technical implementation of heat
pump technology, but it impacts on some invest-
ment decisions already made by manufacturers
and might thus influence the speed of the market
ramp-up.

The risks arising from the flammability and toxicity
of some natural refrigerants are manageable. Some
natural refrigerants, unlike synthetic refrigerants,
have the disadvantage of being flammable or toxic.

Flammability mainly applies to the homologous
series of hydrocarbons, and toxicity to ammonia.
The natural refrigerants CO, and water are unprob-
lematic in both respects. The risks from flammabil -
ity and toxicity can be controlled by technical safety
features. The safe handling of much larger quantities
of these agents in industrial plants is standard
technical practice.

For subcritical use, the evaporating temperature and
the critical temperature of a refrigerant specify the
lower and upper temperature limits. The mechanical
load on the high-pressure components can be
reduced by alow critical pressure. Higher operating
pressures, however, conversely lead to higher volu-
metric refrigeration capacities and thus lower
installation space requirements. This is especially
true for CO, as a refrigerant. In addition, the refrig-
erant must be tailored to the materials and oils used
in the circuit, especially with regard to material
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deposits, embrittlement and the associated changes
in the long-term properties of the materials used.
The volumetric heat capacity dictates the dimen-
sions of a heat pump. There are additional require-
ments for the refrigerant in terms of the required
pressure ratio, cost-effectiveness and availability
on the market. The choice of refrigerant is ultimately
a compromise between all of the above aspects
(Arpagaus 2019). Table 2 shows the properties
discussed above for selected refrigerants. The table
is divided into overall type of refrigerant and then
subdivided into individual refrigerants.

Following the F-Gas regulation and the debate on
PFAS, the use of natural refrigerants is becoming
the focus of further research and development in
relation to heat pumps using a cold steam process.
This includes both the testing of new refrigerants
and the redesign and optimisation of the circuits as
well as of key components such as compressors and
heat exchangers. In addition to achieving higher
efficiencies and temperatures as well as more

Environmental properties of selected refrigerants of different categories
with regard to climate impact, toxicity and flammability

R410a

R1234ze (2)
R1233zd (E)
R1336mzz (2)
R717 (Ammonia)
R718 (Water)
R744 (CO,)

R290 (Propane)
R600 (Butane)
R601 (Pentane)
R600a (Isobutane)

Fraunhofer IEG based on Arpagaus (2019)

flexible modes of operation, the aim is to ensure

the safe and ecological operation of large-scale heat
pumps. In addition to the very promising potential
of the use of water, the transcritical use of hydro-
carbon refrigerants such as iso-butane, butane or
pentane offers the possibility of achieving sink
temperatures above 200 °C (Pachai A. C. et al. 2021).

Table 2

858 Yes No
1300 No No
2088 No No

<1 No Yes

1 No No
2 No No
0 Yes Yes
0.2 No No
1 No No
3 No Yes
4 No Yes
5 Yes Yes
3 No Yes
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6 The market for large-scale heat pumps:
products, manufacturers, industrial policy

6.1 The market for large-scale heat
pumps: products and manufacturers

Although the market for large-scale heat pumps,
unlike that for smaller units, is still at an early stage
of maturity, a large number of different technolo-
gical options are already available on the market.

A market analysis identified 36 manufacturers of
commercially available large-scale heat pumps for
heating capacities above 0.5 MW. In addition, there
are other manufacturers who as plant engineers
are developing individualised concepts for large-
scale heat pumps. Besides established manufactur-
ers, there are also large companies from the fields
of air conditioning and refrigeration technology,

or from process technology or power plant techno-
logy, as well as a number of start-ups in the heat
pump market.

Currently, most large-scale heat pumps up to a
heating capacity of 1 MW are offered as partof a
standardised product range. As described in Chapter
2.4, atleast a quarter to a third of all large-scale heat
pump projects in Germany will be below this heating
capacity. Above 10 MW, on the other hand, highly
customised individual systems predominate. The
greatest potential for further standardisation
therefore lies in the output range in between.

Figure 28 shows an overview of the maximum flow
temperatures and heating capacities and of the
compressor technologies used in mechanically
driven large-scale heat pumps with a Technology
Readiness Level (TRL) of 9. A detailed list of these
large-scale heat pumps is provided in the appendi-
ces (see A.3, Figure 42). The spectrum of large-scale
heat pumps covers a heating capacity range of up
to 70 MW, although significantly higher heating

capacities can be achieved through modular
parallel operation.

For large heating capacities above 10 MW, turbo
compressors are predominantly used. The highest
temperature differences, on the other hand, are
achieved with piston compressors. Up to flow
temperatures of 120 °C and heating capacities of
10 MW, products with piston compressors or screw
and turbo compressors are used to cover a wide
range of applications. Scroll compressors, on the
other hand, are only used in smaller output and
heating classes. Temperatures above 200 °C are
currently mainly achieved by open heat pump
processes with so-called mechanical vapour
compression (MVR) for supplying process steam
(see A.3, Table 8).

Large-scale heat pumps are already available on the
market today in the temperature range required for
district heating. For flow temperatures below 120 °C,
the market already offers a wide range of large-scale
heat pumps, with 66 different products available.
Since 90 percent of district heating networks are
currently operated with flow temperatures below
110 °C (see Figure 2), the technology for this sector

is thus largely established. At higher temperatures,
however, the range of large-scale heat pumps is much
smaller. Above 140 °C, the market is not yet fully
covered and is in part limited to prototypes. There is
therefore a need for further innovation in heat pump
technologies in terms of increasing the sink tempera-
ture and the temperature lift, especially for tapping
into the industrial sector. Products for this tempera-
ture range are therefore being developed not only by
established manufacturers of large-scale heat pumps,
but also by newly established companies and existing
companies now entering the market for large-scale
heat pumps.
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Maximum flow temperatures and heating capacities of available large-scale heat pumps Figure 28
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Fraunhofer IEG (2023) based on Figures 42 in Annex A3

The IEA HPT Annex 58 (see A.3, Figure 43) provides
an overview of technologies already available on
the market (TRL = 9) and of high-temperature heat
pumps under development or close to market matu-
rity (TRL < 9) (IEA 2023b). For higher temperatures,
either existing technologies are adapted and modified
or new technologies are developed. The TRL of
large-scale heat pumps decreases with larger
temperature lifts. At the same time, this is also the
area where performance has improved the most due
to the research carried out in recent years. This is

@ Piston compressor

@ Other technology

@ Screw compressor

mainly due to further technical improvements in
optimised components such as the compressor or the
heat exchangers, to innovative circuit interconnec-
tions and to adjustments to the regulation system and
mode of operation. Figure 29 shows the achievable
COP for different large-scale heat pumps depending
on the temperature lift required.
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Digression: overview of other heat pump
technologies

In addition to closed-loop compression heat pumps,
other heat pump technologies which are suitable for
particular applications have become established on
the market. There are also promising new technolo-
gies that have already reached market maturity or
are being tested in research projects. Here, the focus
is especially on increasing the sink temperature and
the temperature lift as well as on more flexible

COP and temperature lift for large-scale heat pumps currently available on the market with

different source and sink temperatures
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modes of operation based on natural refrigerants.
An overview of other market-ready and novel heat
pump technologies can be found in Appendix A.3
(see Table 8).

Figure 29
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6.2 The manufacturer’s perspective:
greater planning certainty as a
prerequisite for larger production
volumes and shorter delivery times

The manufacturers of large heat pump units are
key to the successful roll-out of this technology
in Germany. Many of them are active throughout
the European market or worldwide and therefore
already have a relatively broad market-ready
product range for various applications in their
portfolio (see Chapter 6.1).

In the course of this study, Fraunhofer IEG was

in direct contact with many of these companies

on specific questions related to the development
potential of the technology (e.g. achievable temper-
atures, COPs and flexibility) and on their plans
regarding the establishment of further production
capacity. In addition, a workshop on the challenges
and opportunities of the roll-out of large-scale heat
pumps in Germany was held in February 2023
together with 21 representatives from 15 manu-
facturers. The insights gained from this have been
incorporated into this study (predominantly in
Chapter 5) and are summarised below.

If indications of sustained high demand become
more robust and investment conditions more
stable, manufacturers are ready to double their
production capacity within a few years. The
manufacturers are convinced that the path to a
climate-neutral energy system in Germany involves
the rapid introduction of large-scale heat pumps
into the growing district heating networks.

At present, however, the manufacturers of large-
scale heat pumps do not yet see the kind of increase
in demand that is assumed in the T45 scenarios,

for example (see Chapter 3.1). Nevertheless, they
perceive from the increase in enquiries and feasi-
bility studies that interest in large-scale heat pumps
is steadily growing on the part of equipment buyers

and operators from the district heating and
industrial sectors.

At the same time, however, they believe that
large-scale heat pumps are still in competition
with gas-based heating systems - not only for
customers, but also for those manufacturers who
simultaneously offer alternative heat supply
technologies, such as those based on the combus-
tion of fossil gas or green hydrogen. In this internal
competition between manufacturers for limited
human and financial resources, due in part to
unclear political signals, it is therefore primarily
current (confirmed) demand that determines

investments in production capacity.

Most manufacturers are therefore somewhat
reluctant to build up production capacity until the
interest in large-scale heat pumps is reflected in
their order books. If demand increases significantly,
all manufacturers are confident that they would be
able to double their production capacity within just
a few years. If these new factories are built in
Germany, this will also have advantages in terms

of sectoral industrial policy, as it will secure future-
proof industrial jobs, valuable know-how and
system-relevant value creation networks.

Opportunities for innovation and the need for
action from the manufacturers’ perspective

Optimisation of capital expenditure: lower prices
through economies of scale in production, more
standardised product components for more
application areas, and higher performance classes.
Further standardisation of products and compo-
nents is possible, and in principle it is in the
interest of manufacturers. However, many manu-
facturers are still frequently confronted with
requests for customised designs. Below 1 MW,
most heat pumps are already highly standardised
products. Above 10 MW, heat pumps become
highly customised products, frequently supplied
through large EPC (Engineering, Procurement and
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Construction) contracts. Most heat pumps for
district heating systems are expected to be in the
1 MW to 10 MW power range. For the ramp-up in
this market segment, the main missing factors are
the wider availability of standardised equipment
and a sufficiently proactive field of engineering
service providers to support customers in the
procurement process.

Larger units enable a significant reduction in
overall costs in relation to the installed capacity. For
example, for a manufacturer's product portfolio, the
costs per installed MW of heat output above 10 MW
are only about half as high as for the 2-5 MW class.

The ratio between electricity and gas prices is
crucial for optimising operating costs. Achieving
higher COPs and developing more flexible installa-
tions for future use in district heating are possible.
Based on their experience in other European markets,
many manufacturers are also convinced that sales of
their products in Germany will only accelerate when
all market players have sufficient planning certainty.
This includes confidence that fossil gas and electric-
ity prices, taking into account carbon pricing and
other levies, surcharges, taxes and subsidies, will
develop in such a way that the operation of large-scale
heat pumps will be economically more attractive in the
future than the operation of gas-based alternatives.

Up to now, manufacturers have developed and
designed their large-scale heat pumps primarily for
long operating cycles each year, as this is predomi-
nantly how they are used, especially by industrial
customers. In such projects, economic viability

in terms of investment costs and operating hours
depends primarily on the operating costs —i.e. the
COP and the electricity supply costs. The level of
site-specific capital expenditure (CAPEX) has there-
fore often played a subordinate role up to now. The
prospect of shorter annual operating hours in district
heating is now increasing the pressure on manufac-
turers to focus more on the potential for reducing

the acquisition costs for large-scale heat pumps.

The same applies to the increasing requirements for
flexible and system-supporting operation of large-
scale heat pumps. Some manufacturers therefore
believe that it is possible to optimise the design

and operating performance of their large-scale heat
pumps in such a way that the COP in flexible opera-
tion could be improved by 10 to 20 percent.

The F-Gas and REACH Regulations have an impact
on the availability of synthetic refrigerants and

on the investment plans of large-scale heat pump
manufacturers. Manufacturers are aware that the
flammability and toxicity of refrigerants are impor-
tant issues for many of their customers.

However, the general trend towards natural refriger-
ants is recognised by virtually all manufacturers of
large-scale heat pumps. Nevertheless, the current
discussions at EU level about the legal permissibility
of certain refrigerants are leading to increased
planning uncertainty for manufacturers, both in
terms of the prospects for their existing production
lines and of ongoing development activities and
planned investment decisions (see Chapter 5.3). From
the manufacturers' point of view, grandfathering of
existing production capacities and plants already in
operation as well as recycling programmes could

provide a remedy here.

Remedying the shortage of skilled workers is
necessary both for building up production capacity
and for planning and executing large-scale heat
pump projects. Manufacturers of large-scale heat
pumps, as in many other fields, are confronted with
the shortage of skilled workers —both in their own
companies and among their customers.

To support a rapid and large increase in production
capacity, some manufacturers can envisage a transfer
of technology and personnel from the production of
conventional gas boilers and CHP plants as well as
from other sectors, such as the production of com-
bustion engines for the automotive industry, due to

similar system components and processes.

69



Agora Energiewende | The roll-out of large-scale heat pumps in Germany

At the same time, however, the manufacturers doubt
whether the municipal utilities, district heating
suppliers, project developers and construction
companies, which are also all affected by the shortage
of skilled workers, would be able to keep up with this
pace in the short term. At present, they say, manufac-
turers are being asked by their customers to provide
planning services themselves, even though this is not
part of the core business of most manufacturers. Joint
action by policymakers, chambers of commerce, trade
unions and companies to strengthen education and
training as well as the retraining of skilled workers is
therefore important for the market for large-scale
heat pumps.

Clear investment signals, better communication
and an industry-wide dialogue at federal level are
urgently needed to accelerate the roll-out of large-
scale heat pumps. International manufacturers
especially are not always familiar with the German
incentive and support programmes. In addition to

better communication about the investment condi-
tions in Germany, many manufacturers would also
like to see clearer positive investment signals and more

planning certainty from political decision-makers.

To accelerate the energy transition, several (small-
scale) heat pump summits and sector dialogues on
renewable energy and electricity grids already took
place in 2022. According to its workshop report of

9 March 2023, the BMWK is now planning to hold a
so-called district heating summit in the summer of
2023, in which new specifications for the operation
of district heating systems are to be discussed with
key stakeholders (BMWK 2023). "Key stakeholders”
are, in particular, the manufacturers of large-scale
heat pumps, district heating suppliers, municipalities,
licensing authorities and chambers of commerce.
This summit offers an opportunity to establish
dialogue between the key players and to ensure more
planning security on both the manufacturing and
demand sides.
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7 Regulatory and economic framework,

incentive systems and financial support

possibilities in Germany

7.1 Factors affecting the profitability and
competitiveness of large-scale heat
pump projects

The investment incentives for large-scale heat
pumps and their profitability depend on many

- CAPEX depends on:

factors. With regard to the various cost elements

Economic factors affecting large-scale heat pump projects

Individual cost areas

Dependent on the performance, technology and
price of large-scale heat pumps, the location and the
heat source, the temperatures and full-load hours

Dependent on electricity
supply, flexibility, COP and full
load hours

in the heating network, and the lifetime
or service life of the system

Exploration and

development

Procurement,
network use,
levies, charges,
taxes

Cabling and
network
connections

Heat pump plus
buildings and
peripherals

Heat source Large-scale Network Electricity Operation, servicing
heat pump connections supply and maintenance
(electricity, heat)
CAPEX support Increasing competitiveness
« Direct support via BEW guideline as investment cost « Indirectly through COz= pricing
subsidy where there is a profitability shortfall « Directly through reduced

or

* Indirect support via iKWK call for tenders

Fraunhofer IEG (2023)

network charges

* BEW OPEX support or indirect
support via iKWK

requirements of the heat source

of alarge-scale heat pump project, the following
factors are particularly influential (see Figure 30):

- Nature, source temperature, location and access

Figure 30

Large
differences
between all

projects

Heat
generation
costs

Total

[ capex

M oPex
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« Performance, technology and price, and location
of the large-scale heat pump (including land,
building, peripherals, planning and construction)

+ Temperature level and full load hours of the
heat sink

+ Costs of network connection to electricity and
district heating systems

- Lifetime/service life of the large-scale heat pump
system

- OPEX depends on:

« Efficiency or COP and full load hours of the
large-scale heat pump

- Load profile of the plant (system-supporting
operation during periods of low electricity
prices)

« Electricity procurement strategy, for example
drawing electricity from the grid and procuring
it on the wholesale market, long-term green
power purchase agreement (PPA) or in-house
electricity supply

« Network use charges and other charges, levies
and taxes incurred

As shown in Figure 30, a number of measures have
recently been implemented in Germany to improve
the profitability of large-scale heat pumps. These
measures were and are primarily aimed at reducing
operating expenses —indirectly through the intro-
duction of carbon pricing on fossil fuels in sectors
not covered by the emissions trading scheme, and
directly through the elimination of the EEG levy and
the exemption from the CHP and offshore grid levies.

However, investment and operating cost support

is still necessary to enable a profitable operation

of large-scale heat pumps in Germany under the
current framework conditions and to stimulate
investment in the decarbonisation of district heating
systems. This is discussed in the explanatory me-
morandum accompanying the European Commis-
sion's approval of the BEW Guideline with respect to
the law on state aid (EC 2022) and in Billerbeck et al.
(2023). The financial support is intended to help

reduce competitive disadvantages compared to fossil
gas and to keep the price of district heating at a level
that is acceptable to heating customers. Further
increases in carbon prices or reductions in heating
prices on the consumer side can help to reduce the
profitability shortfall and thus the need for subsidies.

The following are the main support instruments
currently available to help close the remaining
profitability shortfall and avoid excessively high
district heating prices:"

- Investment and operating cost subsidies via
BEW (see Chapter 7.3)

- Participation in a call for tenders under the
‘innovative CHP' programme (innovative
Kraft-Wéarme-Kopplung, iKWK), or award of
a bonus for innovative renewable heat under
the CHP Act (Kraft-Warme-Kopplung Gesetz,
KWKG) (see Chapter 7.4)

With the revision of the Buildings Energy Act
(GEG), new district heating systems are to be
required to use at least 65 percent renewable
energy and waste heat. According to the draft bill
published in April 2023, this is to apply to projects
starting construction on or after 1 April 2024.

For existing district heating systems and network
extensions, a transformation plan is to be drawn up
by 31 December 2026 that demonstrates how the
system will be switched to at least 50 percent
renewable energy and waste heat by 2030 and be
completely decarbonised by 31 December 2044.%2

11  Inaddition, there are other subsidy programmes at
federal and state level that also support large-scale heat
pumps. However, these are of no or only minor import-
ance for the district heating sector and the nationwide
roll-out of large-scale heat pumps and are therefore not
considered further in this study.

12 §71b GEG draft, see: Draft Federal Government Bill.
Draft bill to amend the Buildings Energy Act, to amend
the Heating Costs Ordinance and to amend the Sweeping
and Inspection Ordinance, accessed at: https:/www.
bmwsb.bund.de/SharedDocs/gesetzgebungsverfahren/
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This further restricts the scope for fossil-based
heat supply options, increases planning certainty
for carbon-free alternatives and thus further
improves the competitive situation for large-scale
heat pumps.

The cost-effectiveness of industrial heat pumps
differs from that of large-scale heat pumps used in
district heating systems due to several factors. The
most significant are the higher sink temperatures
and the significantly higher utilisation rates, with
an average of 6 000 full load hours. The economic
viability of industrial heat pumps was examined in
the study "Power-2-Heat: Gas savings and emis-
sions reduction in industry” by Agora Industry and
FutureCamp (Agora Industry and FutureCamp 2022).
Beyond the support options for industry presented
here, there are various others, in particular the
Federal Support for Energy and Resource Efficiency
in Industry (Bundesférderung fiir Energie- und
Ressourceneffizienz in der Wirtschaft, EEW).

Competitiveness of large-scale heat pumps
compared to other heat supply options

The economic viability and public acceptance of a large-
scale heat pump project depends not only on the heat
production costs of alternative technologies for carbon-
free or climate-neutral heat production, but also on the
current (district) heat supply prices, which include the
network costs in addition to the generation costs.

Since the focus of this study is on the transformation
of district heating generation by means of large-scale
heat pumps, the network costs included in the district
heating prices are not considered here. Likewise, the
heat production costs of other technologies (such as
fossil gas, solar thermal, biomass or green hydrogen)
for centralised or decentralised heat supply are not
examined in this study or compared with those of

Webs/BMWSB/DE/Downloads/kabinettsfassung/geg-
20230419.pdf;jsessionid=E3E7FA71D3250342C67F -
80F2A57E2AFF.1_cid3647?__blob=publicationFile&v=1.

large-scale heat pumps. Numerous academic and
private-sector studies are already available on this
subject, for example: Billerbeck et al. (2023); UBA
(2023a); Gerhardt et al. (2021); Agora Industry and
FutureCamp (2022). The main findings of these studies
can be summarised as follows:

- The location factors and network parameters in the
(district) heating sector are so diverse that there is
no single optimal solution for all cases.

- Due to the limited attention paid to this technology
in the past, its higher technical complexity, its
lower degree of standardisation and the as yet very
low production quantities, large-scale heat pumps
have noticeably higher investment costs than
conventional heat generation technologies based
on fossil gas.

- There is still no level playing field in Germany
between green electricity-based climate-neutral
heat generation and fossil gas-based CO,-emitting
heat supply. The higher the carbon price and the
lower the ratio of the retail price of electricity to gas,
the more competitive large-scale heat pumps are.

- Aslong as there is no level playing field or other
incentives for the climate-neutral transformation
of district heating networks, it will remain neces-
sary for the resulting profitability shortfall for
large-scale heat pump projects to be closed by
means of subsidies. The profitability shortfall is in
turn dependent on the level of a socially acceptable
district heating price and the costs of alternative
heat supply in the heat supply area in question.

- A rising carbon price will cause the heating cost
benchmark, which is currently still largely based
on fossil gas, to rise from year to year. This deve-
lopment alone should lead to a gradual narrowing
of the profitability shortfall for large-scale heat
pumps, and thus also to a reduction in the need
for subsidies.

This study builds on this knowledge and therefore

concentrates in the following on the analysis of the
heat production costs of a number of case studies of
large-scale heat pump projects. The purpose of this

73


https://www.bmwsb.bund.de/SharedDocs/gesetzgebungsverfahren/Webs/BMWSB/DE/Downloads/kabinettsfassung/geg-20230419.pdf;jsessionid=E3E7FA71D3250342C67F80F2A57E2AFF.1_cid364?__blob=publicationFile&v=1
https://www.bmwsb.bund.de/SharedDocs/gesetzgebungsverfahren/Webs/BMWSB/DE/Downloads/kabinettsfassung/geg-20230419.pdf;jsessionid=E3E7FA71D3250342C67F80F2A57E2AFF.1_cid364?__blob=publicationFile&v=1
https://www.bmwsb.bund.de/SharedDocs/gesetzgebungsverfahren/Webs/BMWSB/DE/Downloads/kabinettsfassung/geg-20230419.pdf;jsessionid=E3E7FA71D3250342C67F80F2A57E2AFF.1_cid364?__blob=publicationFile&v=1

Agora Energiewende | The roll-out of large-scale heat pumps in Germany

approach is to enable an assessment and comparison
of the different heat sources, design variants, cost
assumptions and value drivers. This should give
potential investors, plant operators and policymakers
in the energy field more guidance for their project
assessment and decision-making.

7.2 Heat generation costs of large-scale
heat pump projects for different
heat sources without subsidies

The dimensions and the field of application lead

to project-specific investment costs. The capital
expenditure for a large-scale heat pump project
consists of the costs for the large-scale heat pump,
the exploitation and connection of the heat source,
the construction work, and the utilities connection,
which includes the electrical connection as well as
the measurement and regulating technology. The
many different selection and configuration options
for the heat pump technology are also reflected in the
amount and breakdown of the investment costs —and
consequently also of the operating costs.

The heat source and the local site conditions have the
greatest influence on the unit investment costs of
alarge-scale heat pump project. Furthermore, the
capacity of the large-scale heat pumps is important.
This in turn results in specific cost-relevant require-
ments for the selection and design of critical compo-
nents such as compressors and heat exchangers as
well as the individual configurations.

In addition, the costs for planning and for the

heat storage must be taken into account. For the
heat storage capacity that is required for system-
supporting operation, an identical investment cost is
assumed for all heat sources. The cost calculation is
based on the demand for the heat storage capacity in
the T45-Electricity scenario for the year 2030 (at
3500 fullload hours per year) and the investment
cost data in Grosse et al. (2017).

Due to the small number of large-scale heat pump
projects completed in Germany to date and the
limited information available on the investment costs
of these projects, the following cost data should be
understood as indicative. The market for large-scale
heat pumps in Germany is still too immature and too
small to enable greater cost transparency and more
concrete cost information.

Figure 31 shows the spectrum of unit investment
costs relative to the heating capacity for the different
heat sources based on price levels in 2022. To show
the influence of the plant capacity on the level of
costs, the figure includes data for large-scale heat
pumps with a thermal capacity of 1 MW (= future
mass market) as well as for plants with a thermal
capacity of 10 MW.

In addition to illustrating the unit cost advantages of
heat pumps with larger capacities, the diagram also
shows that geothermal energy (deep, medium-deep
and near-surface) has the highest unit investment
costs of 2 200 to 3 600 euros per kW. In comparison,
the unit investment costs for the use of thermal heat
from water bodies (with the focus on river and lake
water), wastewater, waste heat and ambient air are
significantly lower at 700 to 1 600 euros per kW due
to the lower costs involved in tapping the heat
sources.

The work and costs involved in the exploitation of
and connection to heat sources vary widely. For deep
and near-surface geothermal energy, for example,

the costs for tapping the heat source amount to about
1500 to 2 450 euros per kW, which accounts for about
60 to 80 percent of the total investment costs. The
unit costs for tapping heat sources are based on an
assumed COP of 5.4 for deep geothermal energy and
2.0 for near-surface geothermal energy, as well as
average drilling costs of 3 000 euros per kW (for
ambient heat, without the drive power for the heat
pump). At sites with favourable geological conditions
and a low exploration risk, the costs for drilling can be
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significantly lower, at around 1 800 to 2 200 euros
per kW (Bracke et al. 2022).

However, the disadvantage of the high initial invest-
ment in geothermal energy is compensated for by the
very long service life of the boreholes, which exceeds
that of large heat pump units or of other heat sources
many times over.

For the other heat sources, too, the exploitation costs
for the heat source can vary widely from project to
project. For example, the distance of the heat source
from the location of the heat pump plays a role. In
addition, the heat source may already be tapped, for

Impact of the heat source and the other system components on the investment costs of

large-scale heat pump projects*
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example in the case of a river water heat pump at a
power plant site. The costs for the construction work
also depend on the particular local conditions, with
construction costs tending to be higher for thermal
energy from water bodies and geothermal energy.

The compressor is the most expensive component of
alarge-scale heat pump. The investment costs
decrease with increasing thermal capacity. The cost
breakdown of the compression heat pump unit also
depends on the configuration of the heat pump, with
the compressor as the core component being by far
the most expensive. The evaporator and the con-
denser also both account for a large proportion of the
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Fraunhofer IEG based on Pieper et al. (2018), Grosse et al. (2017) and on authors' data collection. * The analysis of investment costs is based
on a limited number of projects. This is due firstly to the comparatively small number of large-scale heat pump projects completed

to date and secondly to the limited information available on the investment costs of these projects. ** The proportion shown for the tapping
of the heat source from water bodies is to be regarded as low, as it is based on a single project in which the heat source had already been

partially tapped.
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costs. The costs for components such as internal heat
exchangers, pipework and measurement and sensor
technology vary depending on the circuit configura-
tion. In total, this results in investment costs for a
large-scale heat pump unit of between 250 and

330 euros per kW for a thermal capacity of about

10 MW and between 320 and 500 euros per kW

for 1 MW (see Figure 31). The list prices of several
manufacturers obtained by Fraunhofer IEG also
show decreasing investment costs with increasing
thermal capacity. On average, the unit investment
costs for a large-scale heat pump of 10 MW decrease
by about one third compared to those for a single
unit of 1 MW.

For large-scale heat pumps in very high temperature
classes, higher unit investment costs can generally
be assumed. This is mainly due to the higher techni-
cal requirements for core components and to the
additional components required, as well as to the
more complex and less tried-and-tested technical
systems.

In the medium term, a cost reduction can be expected
as a result of growing market maturity and increas-
ing demand. This can be assumed in particular for
standardised system designs and therefore for
large-scale heat pumps of smaller capacity ranges.
Grosse et al. (2017) assume a decrease in total unit
costs of about 18 percent by 2050 compared to 2020.

Full load hours and electricity supply costs have

a significant impact on the cost-effectiveness of
using the heat source. The system-supporting
operation of large-scale heat pumps in the future
energy system will lead to a lower number of full
load hours than when integrating today's systems
into existing heat generation portfolios and net-
works. The more flexible the operation is to be, the
greater the required heat storage capacity to be kept
available and the associated additional investment
requirements for the overall system. With a very
high number of full load hours, no heat storage
isrequired. At the same time, a change in the

operating mode and in the number of full load hours
also has an impact on the achievable electricity
purchase costs and the network use charges. While
the achievable electricity prices fall significantly
with a decreasing number of fullload hours, the
existing system of network charges makes network
use more expensive (see Table 3).

The influence this has on the heat generation costs
of alarge-scale heat pump for each of the different
heat sources is examined below by means of a
sensitivity analysis for the year 2030.

In accordance with the guideline document VDI
2067, the capital-related costs (investment), the
operation-related costs (operation, maintenance
and repair) and the consumption-related costs
(electricity supply costs) are all taken into account
in the determination of annual heat generation
costs. The cost structure varies depending on both
the heat source and the fullload hours. In Appendix
A4, Figure 44, the costs calculated in the different
sensitivity analyses for the different heat sources
are compared.

The possible use of subsidies for capital costs and/
or operating costs is not considered in this sensi-
tivity analysis. This means that all results show the
heat generation costs that would arise without the
relevant subsidy for the year 2030 under the given
assumptions.

The assumptions made in determining the heat
generation costs can be found in Table 3. The COPs
(seelegend for Figure 32) of the heat sources
considered are derived on the basis of Figure 22
from averaged assumptions for the sink tempera-
ture (100 °C), the relevant source temperatures and
the efficiency rating of the large-scale heat pump
(50 percent). A version of this sensitivity analysis
for a sink temperature of 80 °C is also included in
the appendices (see Appendix A.4, Figure 45).
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In addition, the influence of different heating
capacities and the associated different unit invest-
ment costs (see Figure 31) on the heat generation
costs of large-scale heat pumps is investigated. For
this purpose, large-scale heat pump systems with
1 MW and with 10 MW heating capacity are con-
sidered. Variations in electricity purchase costs are
also shown for different full load hours to enable an
assessment of the competitiveness of current
operating modes (3 500 h per year) and of future
network-supporting operating modes (1 500 h

per year).

Figure 32 shows the results of the sensitivity
analysis in the form of the trajectories of the annual
unit heat production costs for different heat sources

with varying full load hours and electricity supply
costs for the year 2030.

The lower investment costs for systems with
greater heating capacity have a noticeable effect
on the heat generation costs. This is especially
true when the system is operated with low full
load hours.

Furthermore, the heat generation costs clearly
increase with decreasing full load hours, especially
for heat sources with high CAPEX levels. It follows
that low investment costs play a decisive role with
low full load hours, whereas lower operating costs
due to high COPs with short operating times are
less significant.

Assumptions underlying the sensitivity analysis of the heat generation costs of 1 MW versus Table 3
10 MW large-scale heat pumps

Heating capacity Unit 1MW 10 MW

Full load hours h/a 1247 3500 6000 1247 3500 6000

Heat storage requirements kWhstorage Per KWiarge-scale heatpump 9" 52 0® 9' 52 0®

Electricity supply costs €/MwWh" 120 126 140 n7 123 139
Purchase cost €/MWh" 32* 58° 86° 32* 58° 86°
Network use charges’ €/MwWh" 62 43 30 62 43 30
Other additional electricity costs® €/MWh" 26 25 24 23 22 22

Investment costs €/kW See Figure 30

Maintenance costs® percent 3

Interest on capital™ percent 8

Estimated service life® years 20

Sources:

"Investment in heat storage per heat output of the large-scale heat pump from scenario T45-Electricity in 2030

2 Linear interpolation of heat capacity between 1247 h/a and 6 000 h/a
> No investment in a heat storage tank with inflexible operating mode

“ Electricity price for large-scale heat pumps in the T45-Electricity scenario in 2030, weighted according to heat volume

° Linear interpolation of supply costs between 1247 h/a and 6 000 h/a

© Electricity price for inflexible operation of large-scale heat pumps based on immediate demand for heat

7 Authors' calculation based on price sheets from 20 representative distribution network operators for the year 2023

8 Electricity tax, levies and concession fee: authors' calculation based on www.netztransparenz.de and taking into account
current reforms to the tax and levy system for large-scale heat pumps, see Billerbeck et al. (2023)

° Based on VDI guideline 2067
°Based on Brunner und Krummenacher (2017)
" Refers to MWh electricity
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Within the sensitivity analysis, a depreciation
term of 20 years is assumed, including the drilling
investments. Possible cost advantages from the
longevity of geothermal boreholes, as mentioned
above, are thus not taken into account in this
calculation, but nevertheless play an important
role for this form of heat generation.

The combination of large-scale heat pumps with
deep geothermal energy as a heat source shows
most clearly that for this case, the heat generation
costs at low annual utilisation rates are compara-
tively high, but become increasingly competitive
as the utilisation rate increases. With regard to the
great potential of deep geothermal energy, two
aspects should therefore be emphasised:

- District heating: The direct use of deep geothermal
energy, i.e. without large-scale heat pumps, is the
first choice for district heating in many cases. A
further temperature boost for the source tempera-
ture using large-scale heat pumps is often not
necessary at all. And if it is, it tends to be feasible
with a shallower drilling depth and lower invest-
ment costs.

- Process heat: The combination of high-tempera-
ture large-scale heat pumps with deep geothermal
energy is very well suited to providing process
heat at high full load hours. The potential of deep
geothermal energy at very high source tempera-
tures should therefore be prioritised and used as far
as possible for the decarbonisation of process heat
and industrial heat requirements.?

With regard to the relevance of electricity supply costs,
the analysis confirms that the heat generation costs
for heat sources with high COPs (industrial waste heat
and deep geothermal energy) are the most robust in

13 This also requires coordinated site development and local
business support which specifically channels business
expansion and new business ventures that require high
temperatures towards locations with potential for deep
geothermal energy.

the face of fluctuating electricity supply costs. The
variation in electricity supply costs is therefore most
significant at low COPs. Furthermore, the results of
the analysis, in light of the underlying assumptions
(see Table 3), also show the significance of the electri-
city network use charges for future heat generation
costs and how important it is for the future network
use charge structure to incentivise the operation of
large-scale heat pumps in a system-supporting way.

The sensitivity analysis clearly shows the impact
of different operating modes on the heat generation
costs for different heat source options and thus
provides guidance for district heating suppliers

in assessing the cost-effectiveness of the various
heat sources available.

7.3 BEW funding as a key instrument
for the transformation of district
heating systems

Scope and amount of funding

The aim of the BEW Guideline, which came into force
on 15 September 2022, is to contribute to the heat
transition by supporting the planning and implemen-
tation of energy-efficient heating and cooling net-
works. The prerequisite for obtaining funding is in
most cases a transformation plan that shows how the
district heating system can be converted to a green-
house gas-neutral heating system and that clearly sets
out the envisaged transformation path. For existing
heating networks, increasing indicative shares of
renewable energy and waste heat in heat generation
must be specified for the milestone years 2030, 2035
and 2040, to be achieved by means of the measures
funded. New networks must submit feasibility studies
that include a minimum share of renewable energy
and waste heat in heat generation of 75 percent from
the outset. The BEW also provides support for the
preparation of such transformation and feasibility
studies. The Guideline applies to district heating
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Unit heat production costs in 2030 for different heat sources with varying full load hours Figure 32
and electricity supply costs for 1MW and 10 MW heating capacity systems at a sink
temperature of 100 °C
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- Waste water (14.5 °C, COP=2.7)
- Ambient air (10 °C, COP=2.0)

—— Thermal energy from water
bodies (14.5°C, COP=2.1)

—— Near-surface geothermal
energy (10 °C, COP=2.0)

Fraunhofer IEG (2023) based on VDI guideline 2067 sheet 1. Calculated without taking subsidies into account.
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systems covering more than 16 buildings or more
than 100 residential units.

The BEW Guideline, as amended on 1 August 2022,

is valid for six years and thus provides a basis for
planning new heating networks as well as for network
expansion in Germany until 2028 (BAFA 2022b).

The BEW has four distinct modules. The planning

of heating and cooling networks in accordance with
service phases 1-4 of the Official Scale of Fees for
Services for Architects and Engineers (Honorar-
ordnung fiir Architekten und Ingenieure, HOAI) is
funded under Module 1. A distinction is made between
new construction and the transformation of existing
heating network systems, whereby the preparation
of either a feasibility study or a transformation plan
is funded. The funding proportion is limited to a
maximum of 50 percent, with a total maximum
funding sum for Module 1 of 2 million euros per
application (BAFA 2022b).

Module 2 provides systemic funding for the construc-
tion or transformation of entire heating or cooling
systems. To apply for systemic funding (Module 2),

a feasibility study or transformation plan must be
submitted that meets the requirements of Module 1
(BAFA 2022a).

Module 3 subsidises the investment costs of individual
measures for district heating systems, such as central
heat generators. If no transformation plan exists yet, at
least a target vision of the decarbonised district heating
system and a savings forecast must be submitted.

Modules 2 and 3 provide funding for the HOAI service
phases 5-8. The maximum total funding sum for both
modules is 100 million euros with a maximum funding
proportion of 40 percent, and it is limited to the
amount of the profitability shortfall (BAFA 2022b).

For large-scale heat pumps and central solar thermal
systems supported under Module 2, an additional
operating cost subsidy for a period of ten years can

be applied for under Module 4. The purpose of this
subsidy is to close any remaining profitability shortfall
that might arise without this subsidy, assuming that
the higher costs cannot be passed on to the heating
customers.

The level of the operating cost subsidy is calculated

on the basis of certain system parameters, which are
specified in the Guideline and the information sheets
on the subsidy modules (BAFA 2022b). With funding
under Module 3, however, Module 4 can only be
applied for if a transformation plan in accordance
with the requirements under Module 1 is already in
place. This means that if a large-scale heat pump is
installed as an individual measure under Module 3
without such a transformation plan, this project will
not receive any operating cost support and would thus
be at an economic disadvantage compared to projects
funded under Module 2. The incentive to use module 3
to integrate large-scale heat pumps more quickly into
existing district heating systems is thus reduced.
Moreover, drawing up a transformation plan is often
very time-consuming and labour-intensive, especially
if subsidies have to be applied for in advance. The
projects already carried out via the iKWK calls for
tenders and the cases described in Chapters 3 and 4
suggest that some district heating suppliers do not
need such a transformation plan in order to make

a well-informed decision on the installation of a
large-scale heat pump that will be viable in the long
term. An overly restrictive interpretation of these
funding conditions for BEW Module 4 would therefore
tend to run counter to the intended acceleration of the
expansion of large-scale heat pumps.

An overview of the BEW modules can be found in
Figure 33.

With the operating cost subsidy under Module 4,

the BEW provides important incentives for the use

of large-scale heat pumps in district heating systems.
However, there are some requirements regarding the
system parameters of the heat generation used. Until
14 February 2023, an annual performance factor of at
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least 2.5 was required for large-scale heat pumps for
funding under BEW Module 4. The requirement has
been criticised as a potential obstacle to the transfor-
mation of district heating networks, for example if a
reduction of the network flow temperature cannot
be carried out in time and a high temperature lift re-
mains necessary (Billerbeck et al. 2023). Furthermore,
scenario analyses show that operating cost subsidies
are very important, as without them large-scale heat
pumps will only achieve lower unit costs than fossil
gas systems after 2030 (Billerbeck et al. 2023).

In the new version (1.1) of the information sheet for
technical requirements for Modules 1 to 4, the annual
performance factor of 2.5 originally specified for
systems with an outlet temperature of over 65 °C or

Overview of BEW funding modules

=] T

MODULE 2

Systemic funding for heating
and cooling networks

Analysis of the existing
district heating
system/location of the
planned district heating
system

Analysis of potential
heat sources and
waste heat
Identification of
measures needed to
achieve the milestones
2030, 2035, 2040, 2045
Economic feasibility
study

» Financing of entire
district heating systems
or network sections,
incl. e.g. large-scale
heat pumps, storages,
pipelines
Transformation plan
or feasibility study
required (stipulations
in accordance with
Module 1)

- max. 40%/100 Mio. €
- limited by the

- max. 50%/2 Mio. € profitability shortfall

for systems with a thermal capacity of over 400 kW

has now been replaced by the quality grade, which is
calculated proportionally on the basis of the effective
COP as specified by the manufacturer (BAFA 2022b).

This amendment has eliminated the disadvantages
with respect to operating cost subsidies previously
faced by large-scale heat pump projects with low-
temperature heat sources or high network flow tem-
peratures and a resulting poorer SCOP value (seasonal
COP, equivalent to annual performance factor). The new
regulation, by considering the highly location-depend-
ent operating conditions of the heat pump, no longer
puts locations with poorer heat sources at a disadvan-
tage in terms of operating cost subsidies compared to
locations with better heat sources.

Figure 33

MODULE 3 MODULE 4

Individual measures

Operating cost subsidies

e Subsidies for central
heat pumps and solar
thermal systems that
feed into a district
heating system

« Subsidy for the first
10 years of operation

- max. 40%/100 Mio. €
- limited by the
profitability shortfall

- Dependent on the
system parameters
- max. actual OPEX

in parallel with existing T

transformation plan

Condition

Fraunhofer IEG based on BAFA (2022b)

Condition
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The need to top up BEW funding

The amount of support from the BEW that has been
budgeted up to 2026 is not sufficient to meet the
annual demand for new large-scale heat pumps.
The influence of the support programme for the
market penetration of large-scale heat pumps in
the German heating sector has been investigated

in a number of scenario analyses. As described in
Chapter 3, the expansion requirement of around
4.5 GW per year as calculated in the T45 scenarios
would correspond to an investment/market volume
of around 2.7-3.6 billion euros per year. The expan-
sion of the distribution network infrastructure

in the district heating sector (estimated at around
800 km per year in the T45 scenarios, see Chap-
ter 3.1) requires a further investment of around
0.4-0.8 billion euros per year.

The necessary private sector capital must be mobi-
lised by creating the appropriate framework condi-
tions. In addition to the planning certainty and
economic incentives required, this also includes
the provision of sufficient budget resources for

the funding programmes. In the heating sector,

a funding level of 3 billion euros per year has been
estimated for the next decade (Gerhardt et al. 2021).
Two-thirds of this sum would be allocated to district
heating network expansion and one-third to
large-scale heat pumps.

However, the total funding volume available under
the BEW until 2026 is only 3 billion euros (BEE 2022).
Based on the simplified assumption that only meas-
ures under Modules 2 and 3 would be funded, and
given a maximum funding proportion of 40 percent,
this results in a maximum eligible investment volume
of 7.5 billion euros over the years 2023 to 2026. The
resulting annual eligible investment volume of around
1.9 billion euros per year on average for large-scale
heat pumps and heating networks is thus signifi-
cantly lower than the funding necessary for a rapid

market penetration of large-scale heat pumps in the
district heating sector, as identified both by this study
and by Gerhardt et al. (2021).

7.4 Support under the CHP Act: iKWK
calls for tenders and EE bonus

Until the BEW Guideline came into force, support
forlarge-scale heat pumps in Germany was only
possible as part of an innovative CHP system
(innovative Kraft-Wéarme-Kopplung, iKWK) under
the CHP Act. Some of the large-scale heat pumps
already installed in Germany and currently under
construction or planned, as listed in Chapter 2.4 (see
Figures 4 and 5), could only be completed thanks to
this funding scheme. The CHP Act has thus played
a decisive role in ensuring that in 2023 there is
already a basic level of knowledge and valuable
experience in the installation and operation of
large-scale heat pumps in Germany.

Under the CHP Act, iKWK refers to heat generation
systems that consist of three thermally intercon-
nected and jointly regulated and controlled compo-
nents: a CHP system, a heat generator based on
renewable energy and a power-to-heat system.
The component for the provision of renewable heat
must be designed so that at least 30 percent of the
reference heat (total heat provision of the CHP
system) can be generated as innovative renewable
heatin a calendar year (BAFA 2018).

In the absence of a definition of renewable energy in
the CHP Act itself, a definition from the Buildings
Energy Act (Gebaudeenergiegesetz, GEG) is used.
According to Section 3 (2) GEG, geothermal energy,
environmental heat and heat from biomass, among
others, are considered renewable heat sources.
Accordingly, deep and near-surface geothermal
systems, electrically driven heat pumps and heat
pumps powered by biogas may form a part of
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systems subsidised under the iKWK.** So too can the
use of energy from the treated water from sewage
treatment plants.’® The use of waste heat, on the
other hand, is excluded from the iKWK scheme
(BAFA 2018).

In the iKWK tenders, it is not large-scale heat pumps
that are subsidised, but the CHP plant as the core
component of an iKWK system. The funding support
for iKWK is provided through a surcharge on the
price of CHP electricity and exists in two variants.
The surcharge

- is either determined through tenders for iKWK
in accordance with § 8b CHP Act.

- or it consists of the basic surcharge under § 8a
CHP Act (tender process for conventional CHP
plants) plus a bonus for innovative renewable heat
in accordance with § 7a CHP Act (EE-Bonus).

Whereas the iKWK tender processes are for
systems with CHP plants in the range of 1-10 MW
of electricity output, the EE (Erneuerbare Energie,
renewable energy) bonus applies to CHP plants in
iKWK systems with an electricity output of 10 MW
or more. Simultaneous receipt of both financial
support under § 8b CHP Act (iKWK tender process)
and the EE bonus is not permitted.

Both types of tender process are regulated in more
detail in the ordinance governing tender processes
for CHP sytems (KWK-Ausschreibungsverord-

14 Note: biogas as a drive energy for heat pumps is not
considered in this study. From the authors’ point of view,
the properties of biogas suggest that this energy source
should be used sparingly and primarily for energy gene-
ration at peak load times and in phases of low electricity
feed-in from wind and solar power plants. The optimi-
sation results of the T45 scenarios support this approach
(see Chapter 3.1).

15  §Section 2 no. 9a CHP Act. See also: BT-Drs. 19/17342 of
24 February 2020, p. 158.

nung, KWKAusV).* In both cases, the plant-
specific surcharge amount is determined by the
Federal Network Agency (Bundesnetzagentur,
BNetzA) on a “pay as bid" basis. The maximum
permissible level for iKWK is 12 cents per kWh,
which is significantly higher than the maximum
level for CHP of 7 cents per kWh (8§ 5 No. 2 or

1 KWKAusV). Once the surcharges have been
announced, the entire CHP system has to become
operational within 54 months.

The surcharge is paid for 45 000 full load hours per
iKWK system - in contrast to the 30 000 full load
hours for conventional CHP plants. The annual
limit for both types of tender is 3 500 full load
hours (§ 19 Para. 2 KWKAusV).

This structure of the scheme shows that the

iKWK tenders do not subsidise the large-scale
heat pumps, but rather that the CHP plant receives
a higher CHP bonus for being able to provide heat
more flexibly and with lower emissions with the
help of a renewable heat generator and a power-
to-heat component

Large-scale heat pumps subsidised via the CHP Act
can also receive a bonus for innovative renewable
heat (the so-called EE bonus). According to the
explanatory memorandum to the Act, the support for
iKWK systems via the basic surcharge plus the EE
bonus is intended "to cover the additional costs of
setting up and operating innovative renewable heat
generators in innovative CHP systems compared to
simple CHP systems". This takes into account that

16  For CHP systems with an electrical output between
500 kW and 50 MW, the level of the surcharge is de-
termined in a tendering process. A distinction is made
between tenders for CHP systems under § 8a CHP Act
and tenders for iKWK systems under § 8b CHP Act. It is
assumed that CHP plants that could be combined with a
large-scale heat pump in an iKWK system according to
the described specifications are usually in the capacity
range for which tenders are required.
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these additional costs increase in line with an
increasing proportion of renewable heat and that

CHP heat production decreases accordingly.”

The amount of the EE bonus is fixed by law and
varies, depending on the share of renewable heat,
between 0.4 cents per kWh for at least 5 percent
renewable heat and 7.0 cents per kWh for at least
50 percent renewable heat (§ 7a para. 1 CHP Act).

The main criteria for the iKWK support and the
EE bonus under the CHP Act are placed in the wider
context of this study below (see Table 4).

7.5 The need for further refinement
of the CHP Act

Large-scale heat pump projects are currently charac-
terised by extensive appraisal and decision-making
processes (see also Chapter 8) and by limited human
and financial resources among all stakeholders. This
fact is exacerbated by the fact that large-scale heat
pumps in district heating systems are currently
eligible for support under both the BEW Guideline
and the CHP Act: the existence of different support
options with different funding pots, funding quotas
and assessment criteria is unnecessary and ineffi-
cient - both from the point of view of the companies
applying for support and from that of the federal
government as the provider.

The CHP Act was of crucial importance for the
promotion of highly efficient and flexible cogenera-
tion. However, in the current phase of the energy
transition —in which the system-supporting opera-
tion of large-scale heat pumps is becoming increas-
ingly important —it is essential to ensure that support
under the CHP Act is also fully in line with Germany's
climate targets and policy measures.

17 Ibid. p.161

It is therefore urgently necessary that the financial
support landscape for the heat transition also - or
perhaps especially - sets clear priorities and thereby
both creates planning certainty and reduces com-
plexity. Achieving this is made more difficult by the
continued availability of the iKWK support option for
large-scale heat pumps (see Chapters 7.4 and 8). For
example, system configurations in which the waste
heat from a CHP plant based on fossil gas acts as the
heat source for a large-scale heat pump are also
eligible for support via the iKWK calls for tenders.
There is a risk that such incentive schemes could
lead to fossil CHP plants remaining in operation
longer than necessary and could thus slow down

the transformation of district heating systems.

Arecent study commissioned by the Federal Environ-
ment Agency, for example, also concludes that the CHP
Act "sets perverse incentives for the transformation of
district heating systems, which even the carbon price
is unable to compensate for" (UBA 2023a).

Supporting the expansion of renewable heat and the
decarbonisation of district heating systems —includ-
ing greater use of large-scale heat pumps in district
heating systems —is now being addressed much more
effectively by the BEW Guideline and the upcoming
amendment to the GEG (Buildings Energy Act) than by
the CHP Act (see UBA 2023a). The support for iKWK
under the CHP Act is therefore no longer necessary in
its current form and may even be counterproductive
in some cases. It is also rarely a viable option for new
district heating systems since the BEW Guideline
came into force, unless the required share of renewa-
ble heat can be covered to a significant extent from
unavoidable waste heat and/or from renewable fuels
in CHP plants.

It is also important that investments in CHP plants
currently still eligible for support under the CHP Act
do not create any fossil fuel lock-in effects that could
further delay decarbonisation. An expansion of new
fossil gas CHP plants promoted by the CHP Act
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should therefore be avoided at all costs. Instead, the
focus of the CHP Act could be placed on the neces-
sary flexibilisation of the CHP plant stock and on the
installation of highly flexible CHP capacities based
on biomass, substitute fuels and green hydrogen,

for which there is a great need by 2045 (see T45

Against this background, it is therefore necessary

to examine how the CHP Act can, with appropriate
transition periods, be swiftly reformed - for example
towards a sector coupling law - to reflect the role

of CHP in the energy system up to the years 2030
and 2045.

scenarios in Chapter 3).

Support under iKWK and the roll-out of large-scale heat pumps

Criteria for iKWK and the EE bonus
according to the KWKG

Share of innovative renewable heat
at least 30 percent in iKWK systems
(up to 50 percent with the EE bonus)

Large-scale heat pumps must contribute to
greenhouse gas reduction and the use of
renewable energy in the heat supply

Use in existing or new district heating
systems*

Enabling greater flexibility** and temporal
decoupling of heat and electricity
generation (together with the
power-to-heat component)

Innovative heat generators from renewa-
ble energy must achieve an annual perfor-

mance factor of at least 1.25***

The CHP component should be a new or
modernised plant

Fraunhofer IEG (2023)

Table 4

Significance in the context of this study

The KWKG support must be used to meet the requirements
of the Climate Protection Act and to achieve the BEW
targets. New district heating systems must have at least

a 75 percent share of renewables or waste heat in heat
generation, and existing networks must follow a clear path
to greenhouse gas neutrality by 2045. The T45 scenarios
provide guidance for economically efficient reduction paths
(see Chapter 3).

If large-scale heat pumps are operated flexibly and in a way
that supports the system, they very quickly achieve very low
CO; emission factors and make a major contribution to decar-
bonisation (see Chapter 3.2)

The flexible and system-supporting use of large-scale heat
pumps is a key factor for a successful energy transition
(see Chapter 3.2)

Meeting this criterion is not a problem for large-scale heat
pumps (see Chapter 6.1)

According to the T45 scenarios, CHP plants will increasingly
have to take on the role of peak load and backup capacities
for the electricity and heat sectors, primarily burning biomass,
substitute fuels or green hydrogen (see Chapter 3).

The support under the CHP Act should take these findings
into account.

*BT-Drs. 18/10209 of 7/11/2016, page 3. (Publications of the federal German parliament) ** According to the explanatory memorandum to the
Act, the aim is to ensure that CHP systems "can react flexibly in the electricity market and in redispatch”, and that they "do not lead to a mini-
mum generation and do not displace renewable energy sources in electricity production". See: BT-Drs. 619/16 of 20/10/2016, page 4. (Publica-
tions of the federal German parliament) ***§ 2 Nr. 12 lit. 3) KWKAusV.
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8 Planning and development of large-scale
heat pump projects for district heating: the
perspective of the district heating suppliers

8.1 Competent municipal utilities and
district heating suppliers as
key players

For the market ramp-up of large-scale heat pumps
in the district heating sector, municipal utilities and
district heating suppliers hold a central position
alongside manufacturers. Therefore, the perspective
of these stakeholder groups is of central importance
in identifying the current challenges and influencing
factors crucial for an accelerated roll-out of large-
scale heat pumps in Germany.

The T45 scenarios show that the expansion of
(district) heating systems is a prerequisite for a
successful heat transition in Germany. However,
the decarbonisation of district heating has not
progressed to the extent necessary in recent years
(see Chapter 2.1). At the same time, district heating
suppliers strived to increase the efficiency of their
district heating systems through measures aimed at
network densification and temperature reduction
and to reduce the primary energy factor of their
heat supply. In the context of the energy industry
conditions and energy policy at the time, the latter
aim was achieved primarily by replacing coal and
heating oil with highly efficient and flexible fossil
gas CHP plants.

The continuing and growing climate crisis, the fossil
energy price crisis in Germany and Europe and the
associated efforts to phase out fossil energies as
quickly as possible mean that a large number of
decisive political decisions and transformation
measures must now be implemented simultaneously.
In this context, increasing attention is being paid to
district heating systems as an efficient way to use
renewable energy.

All municipal utilities and district heating suppliers
are therefore currently faced with the question of
how they can fully decarbonise their district heating
systems as efficiently as possible by 2045 at the
latest. The idea of converting to large-scale heat
pumps is often still viewed with scepticism due to
alack of relevant data and experience.

The approach adopted in this study: learning
from the experience of the pioneers in Germany

The information below — especially that on approxi-
mate processing times, current challenges and impor-
tant success factors —and how it is evaluated in the
context of this study is largely based on up-to-date
data provided by professionals in the field.

To this end, as a first step in the course of compiling
this study, Fraunhofer IEG analysed the publicly
available information on large-scale heat pump
projects currently either in operation or else under
construction, in planning or announced in Germany
(see Chapter 2.4).

As a second step, Fraunhofer IEG used this infor-
mation to contact the investors, operators and
planners of around 20 projects, as well as the AGFW.
In addition to verifying the key techno-economic
data from the projects, this enabled a better under-
standing of the perspective of the pioneers in the
German large-scale heat pump market and to enrich
the present study by providing first-hand qualitative
information on the success factors and challenges
involved in carrying out the projects. Appendix A.1
describes projects that have played a pioneering role
of this kind.
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As a third step, an anonymised online survey on
the issues covered by this study was carried out

in February 2023 and analysed. For this purpose,
in addition to the AGFW, representatives from

32 municipal utilities, district heating suppliers,

the housing industry and local authorities were
contacted who have already gained experience
with large-scale heat pump projects or are currently
working on this topic.

As a fourth step, a stakeholder workshop was held in
March 2023 with 26 participants from the stake-
holder groups mentioned above together with a
planning and engineering firm active in the field of
large-scale heat pump projects. The participants in
this event can mostly be classified as pioneers. This
means that the perceptions and insights identified
in this exercise do not represent the entire district
heating sector, but they are nevertheless helpful for
assessing the success factors and challenges for the
roll-out of large-scale heat pumps.

Challenges and action required from the point
of view of district heating suppliers

Current challenges are mainly related to licensing
procedures, heat sources, heat sinks and technology.
The survey confirms that the approval process, with
its unknown variables and associated workload and
time requirements, represents a particular challenge
for municipal utilities and district heating suppliers.
The choice of technology and refrigerants, as well as
the long delivery times and short price fixing agree-
ments for the large-scale heat pumps, also pose
challenges for the stakeholders surveyed. The diffi-
culty of obtaining sufficient renewable electricity on
competitive terms for the operation of the large-scale
heat pumps was also repeatedly mentioned (connec-

tion to the network, price of electricity).

In addition, challenges mentioned several times
in varying degrees are related to the heat source
(difficulty of exploitation, output, temperature,
willingness of potential waste heat suppliers to

cooperate) and the heat sink (temperature of the
district heating network).

The most frequently cited success factors for large-
scale heat pump projects were early and close cooper-
ation with (approval) authorities and stakeholder
management. The district heating suppliers are
therefore hopeful that measures will be taken to
accelerate the planning and approval processes for
their investment projects similar to those taken for
the new LNG terminals in Germany in 2022 and to
those already approved in the meantime for wind
energy and solar plant expansion. This argument is
supported by the fact that the transformation of district
heating systems is also of overriding interest to the
general public and that large-scale heat pumps tend to
be low-conflict infrastructure measures compared to
conventional centralised heat generation systems.’

The quality of the heat source (location-dependent
and difficult to influence) and the financial support
options (subject to political influence) were also
mentioned repeatedly.

The challenge of lowering the temperature in
existing district heating systems is not an obstacle
to the roll-out of large-scale heat pumps. Even at
network temperatures common today, large-scale
heat pumps can already achieve good to very good
COPs, depending on the heat source (see Chapter 4).
Nevertheless, for efficiency reasons, it is still impor-
tant to gradually reduce the flow and return tempera-
tures in district heating networks. However, according
to the participants interviewed, this is proving
difficult. In response to the questions, “What do you
consider to be the realistic temperature reduction
potential in the district heating network by 20457
What challenges/problems are involved?’, the follow-
ing illustrative issues were identified by 13 partici-
pants (excerpt):

18  This statement only applies to a limited extent to medium-
deep and deep geothermal energy or to the use of surface
water bodies as heat sources.
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- Considerable financial and personnel costs for
property owners and district heating system
operators for the necessary conversion of cus-
tomers' heating appliances connected to the
existing district heating networks.

- Expanding networks and thus a higher heat
demand preventing temperature reduction to
some degree.

- The measures needed to optimise the heating
network as well as the network regulation to provide
the necessary transport capacities and temperature
differences between the flow and return.

Nevertheless, the survey participants assume that
temperature reductions of at least 5 kelvins and up
to 30 kelvins by 2045 are possible in their existing
networks over the next twenty years or so. Thus,
the requirements of the heat sinks and the growing
technical capabilities of large heat pumps will
continue to converge in the coming years.

However, the fact that the current strategies for
configuring and integrating large-scale heat pumps
into existing heating networks are still very different
is shown by the answers to the question of how the
differing speeds of building renovation programmes
and network temperature reductions are to be taken
into account when planning and configuring large-
scale heat pumps.

For the complex trade-offs and decision-making
processes involved in large-scale heat pump pro-
jects, district heating suppliers can benefit from the
experience gained with CHP plants. The municipal
utilities and district heating suppliers who assess
and take forward large-scale heat pump projects are
confronted with numerous both new and familiar
issues and (trade-off) decisions during the planning
and implementation phases. Some of these are
already familiar to them from investments in CHP
plants, others are more specific to the technology or
heat source. Table 9 in Appendix A.5 provides an
overview of the most important issues.

8.2 Potential for process acceleration
from the perspective of district
heating suppliers

Process steps involved in large-scale heat pump
projects for district heating suppliers

In order to successfully complete a large-scale heat
pump project, district heating utilities must

- define the transformation targets for their heating
networks (= heat sinks) in terms of time and
decarbonisation progress (see Chapter 3),

- identify and evaluate the potential heat sources
available (see Chapters 4 and 7),

- devise measures to tap the heat sources and to
integrate the large-scale heat pumps into their heat
generation portfolio and district heating system
(see Chapter 5),

- ensure the necessary finance for the measures is
available and examine the support options under
the BEW Guideline and the CHP Act (see Chapter 7),

- plan and configure the technical design of the
large-scale heat pumps including all peripheral
elements (buildings, heat storage, connection to
the electricity and district heating networks,
expansion of the heating pipeline system, etc.)

(see Chapters 5 and 6),

- maintain close and regular contact with the local
authority, heating customers, licensing authorities
and the general public from the beginning to the
end of the project,

- prepare and constructively assist with the approval
process,

- run a competitive tendering process for the supply
and construction of the large-scale heat pump
system,

- monitor, supervise and approve the execution of
the construction work and

- operate the large-scale heat pumps economically
and in a system-supporting manner for a period of
around 20 years (see Chapter 7).
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Figure 34 shows the main tasks involved in a large-
scale heat pump project and their chronological
sequence based on the service phases of the HOAL

The complexity and the time requirements of the
work phases shown in Figure 34 depend in each
case on the heat sink and heat source, the location,
the performance and the design of the large-scale
heat pumps, the delivery times for the systems, and
the scale and complexity of the other project-related
construction work. Depending on the project, the
time required from the start of the initial assessment
to the beginning of operations can be around four to

six years under today's framework conditions.”

The “quick” projects usually benefit from several
of the following features:

- minimal resource requirement for the basic
evaluation because of existing targets, heating
strategy and/or transformation planning, as well
as rapid processing of the funding applications,

- favourable site conditions, such as easy access
to the heat source, existing power plant on-site,
short distances between heat source and sink,
and sufficient electricity network connections,

- small capacity large-scale heat pumps and little
need for peripheral construction measures —and
consequently potentially also no need for an
EU-wide tendering process,?

19 Not taking into account any additional investments that
may be required in the expansion and development of the
district heating network.

20  According to EU procurement law, construction contracts
above a certain contract value must be put out to tender
throughout the EU. This increases competition and offers
the opportunity to benefit from the potentially superior
experience of foreign bidders, but also lengthens the
duration of the process. In 2023, this threshold value is
5.38 million euros (net). Depending on the heat source
and the design of the large-scale heat pump system, this
applies to projects in the range from just under 2 MW (for
deep geothermal energy) to around 9 MW (for waste-
water heat pumps, see Chapter 7.2).

- good cooperation with waste heat suppliers, the
local authority administration and with licensing
authorities, rapid approval procedure,

- no shortage of skilled workers among project
developers, authorities and construction compa-
nies as well as short delivery times for large-scale
heat pumps and associated components and

- experience gained from comparable projects.

Besides the usual learning processes for all actors
involved, there are several levers that can further
speed up the completion of the project.

Process acceleration potential from the
perspective of district heating suppliers

Strengthening human resources across the different

sectors involved, in particular through:

- eliminating the shortage of skilled workers
among manufacturers, energy suppliers, project
planning agencies and contractors, construction
companies, licensing authorities and funders,
for example through
« aclear prioritisation of the tasks that are

relevant to transformation, climate protection
and security of supply in the internal alloca-
tion of these actors' human and financial
resources (if necessary, through indirect
incentives and obligations under climate
change legislation),

- recognising the importance of this value
chain for sustainable long-term employment
and prosperity in Germany and

- more education and training programmes for
this sector as well as re-training programmes
for sectors with comparable skills require-
ments (for example, the automotive sector and
the internal combustion engine sector).

- increased digitalisation of processes and of
cross-sectoral cooperation.
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Reducing the time needed for the initial assessment - increasing awareness regarding the results of the

phase, especially through: T45 scenarios, the technological state of the art of

- clearer political guidelines and regulatory frame- large-scale heat pumps, and best-practice exam-

works that simplify the decision-making processes

for large-scale heat pump technology,

Phases of a large-scale heat pump project showing the most important tasks with
approximate duration in months

Fraunhofer IEG (2023) based on information on current and completed projects

Initial assessment
and preliminary
planning (18-24

months)

Planning of design
and approval
procedure (approx.
6 months)

Planning of project
implementation
(approx. 6 months)

Preparation of and
involvement in
the award process
(4-12 months)

Site/construction
supervision
(18-36 months)

ples from Germany and Europe,

Figure 34

Carrying out transformation study/drawing up heating strategy (if necessary with
prior application for funding and call for tenders for services) incl. communication
with local and other public authorities, stakeholders and the public).

Drawing up of planning concept, assessment of approvability, cost estimate and
time schedule, participation in iKWK tendering process (alternative to BEW)

System and integration planning

with economic feasibility analysis
(after commissioning of project-/
specialist planning offices)

Planning of implementation, inclu-
ding specialist reports, calculation
and design of technical systems
and plant components

Listing of specification of services
for investment and 0 & M

Award procedure (EU tender above
€ 5.38 million in 2023)

Commissioning

Coordination
with heat source
stakeholders

Alternative to
iKWK: funding
application to
BEW for planning,
investment and
operation (before
conclusion of
supply or service
contract)

Compilation and
submission of
documentation
for approval

Approval procedure
(building permit or
BImSchG)

Detailed planning and site/construction supervision up to operational start-up
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- standardised large-scale heat pump projects,
greater modularity, and more knowledge regarding
the optimal areas of application for different large-
scale heat pump products,

- more digital transparency regarding potential heat
sources available throughout Germany and exist-
ing heat demand and energy infrastructure (heat
mapping and digital twins),

- speeding up the processing of funding applications
and further simplifying the access to funding for
project implementation (for example, BEW operat-
ing cost support also for individual measures under
Module 3).

Speeding up the entire planning and approval

process by:

- involving construction project managers or
general contractors,

- providing (practical) handbooks?! with specific
information on the use of different heat sources
and large-scale heat pump technologies for
investors, planners and relevant authorities,

- enshrining into law at both federal and state level
that measures to decarbonise district heating
systems are of “overriding public interest’, includ -
ing aligning laws which currently are to some
degree in conflict (e.g. spatial planning, land law,
water law, Federal Mining Act, building code,
environmental impact assessment),

- extending the accelerated licensing measures for
large-scale heat pumps introduced under the
18-month EU Emergency Regulation which
came into force in December 2022,% and

- quickly introducing mandatory municipal heat
planning and designating preferential areas under

21 The AGFW has already produced such a practice hand-
book for large-scale heat pumps. It is available here:
https:/www.agfw.de/praxisleitfaeden (as of June 2020;
last accessed on 28 March 2023).

22 Council Regulation (EU) 2022/2577 of 22 December 2022
laying down a framework to accelerate the deployment
of renewable energy (O] L 335, 29 December 2022,
p. 36-44) states in paragraph 1, Article 7 on accelerating
the development of the use of heat pumps: ,The permit-

land use planning regulations. The transformation
of district heating systems can be accelerated if, in
future, every (inner-city) civil engineering meas-
ure is checked in advance to see whether proactive
measures can be taken for ensuring in advance that
heat sources can be tapped or that heating pipe-
lines can be laid.

Shortening the tendering process through:

- improved tender documents, more competition
among bidders and better offers as a result of the
learning process and the improvements in the
preceding work phases,

- incremental planning of several smaller single
plants/projects instead of one large project, or
division into different batches; and

- areview of the legal options for shortening the
tendering process for “pilot” measures or measures
of "overriding public interest".

Reducing delivery times for large-scale heat pumps
and their components and accelerating the construc-
tion phase through:

- greater political planning certainty for manufac-
turers so that they can expand their production
capacities at an early stage and take precautions
against supply bottlenecks,

- further standardisation of the components of
large-scale heat pumps in the 1-10 MW range,
which would enable modular use across a wider
range of applications, and

- the introduction of state guarantees (sureties) to
cover the production risks for manufacturers
during the market ramp-up phase, when increasing
demand has not yet been translated into orders.?

granting process for the installation of heat pumps below
50 MW electrical capacity shall not exceed 1 month,
whilst in the case of ground source heat pumps it shall
not exceed 3 months".

23 This instrument was proposed, for example, in the
,Draft Industrial Policy Strategy for Renewable Energy
and Electricity Networks" (dena 2022), based on the
findings of the ,Stakeholder Dialogue on Industrial
Production Capacities for the Energy Transition (StiPE)’",
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If these levers are operated, project durations of
around three years for smaller large-scale heat
pump projects appear to be possible (see Figure 35).

What is certain is that the market for large-scale
heat pump projects in Germany is at the beginning
of a steep learning curve with regard to their
production, planning, installation and operation.
Planning certainty and accelerated and simplified
approval procedures, along with the build-up of
manufacturers' production capacities, are crucial
to a rapid roll-out.

with reference to the expansion of onshore wind energy.
Such guarantees are intended to enable manufacturers
to start their ordering and production processes well in
advance of possible incoming orders by having the state
indemnify manufacturers against the associated finan-
cial risks.
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Potential for speeding up the planning, approval and completion of large-scale heat pump projects

Months

1year-12

15

21

2 years-24

27

30

33

3 years-36

39

42

45

4 years-48

51

54

57

5 years-60

63

66

69

6 years-72

Fraunhofer IEG (2023) based on data from practical experience and the applicable framework conditions as well as the areas of action identified

Today,
slow

Initial
assessment
and preliminary
planning

Planning of design
and approval
procedure

Planning of pro-
ject implemen-
tation

Preparation of

and involvement
in award
process

Site/construction
supervision

Today,
fast

> Initial
assessment
and preliminary
planning

Dependent on funding
for transformation
study/ heat plan (e.q.
BEW Module 1/2 or 3)
and on (considered)
location, availability of
data and skilled labour

Planning of design
and approval
procedure

»

Dependent on heat
source, location, refri-
gerant, skilled labour
situation and (coopera-
tion with) authorities

Planning of pro-
ject implemen-
tation

Preparation of
and involvement
in award
process

»

Dependent on inves-
tment volume for
necessary construc-
tion measures, bid-
ding competition and
complexity of funding
application

Site/construction
supervision

»

Dependent on skilled
labour situation, size
of large-scale heat
pumps, involvement
of project managers

or general contractors
and scope of of the
construction measures
(with/without network
construction, CHP,
storage etc.) and
delivery times

In future, following
learning process

Figure 35

»

Policy objectives clea-
rer, initial assessment,
heat plans and strate-
gies in place, financial
support less compli-
cated

Simplification and
standardisation of
regulations and
approvals

Simplification for
pioneer installations
and investments
of overriding
public interest

Savings potential
through more stand-
ards, more involvement
of project managers

or general contractors
and shorter delivery
times for large-scale
heat pumps (through
higher production
capacities, more robust
supply chains and pos-
sibly also state guaran-
tees for manufacturers
who take on risks)

Initial
assessment
and preliminary
planning

Planning of design
and approval
procedure

Preparation of
and involvement
in award process

Site/construction
supervision
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9 Fields of action toaccelerate the roll-out of
large-scale heat pumps in district heating

By 2045, an average of well over 300 individual
projects with a new large-scale heat pump capacity
of more than 4 GW and 800 km of new pipelines will
have to be planned, financed and constructed every
year. This is a task for the whole of society that
requires clear prioritisation from politicians and a
high level of innovation and efficiency from manu-
facturers and district heating network operators. It
is crucial that a cleverly phased mix of price signals,
support measures and regulatory requirements
ensures a rapid ramp-up, while at the same time
allowing supply chains and implementation capa-
cities to grow without problematic bottlenecks.

The necessary measures can be categorised into three
core areas for action. First, a coherent overall frame-
work is required that combines a clear strategic vision
with consistent price signals for the use of energy
carriers and infrastructures. Secondly, the potential
for innovation, scaling and cost reduction must be
exploited consistently and quickly by manufacturers.
Thirdly, the transformation of district heating systems
must be accelerated on a structural level through a
reform of the support framework and a package of
measures to simplify its implementation. The specific
measures to be taken within these three areas of
action are described in more detail below.

9.1 Overall framework: clear targets,
efficient energy prices, and revised
network use charges

Manufacturers and end-users must be able to rely
on the ramp-up process, market conditions must
be able to support the ramp-up through efficient
price signals. Only in this way can the potential

of large-scale heat pumps and district heating
systems for a climate-neutral energy supply be

quickly and extensively exploited. In addition

to a clearly articulated, credible target vision for
the ramp-up path, the relative prices of different
energy sources and the charges for the use of
infrastructure are the most important control
levers in this context.

In order to create clarity about the goals for
manufacturers and operators, a stakeholder
process at federal level (a large-scale heat pump
summit) should formulate a long-term goal with
ambitious interim targets. This goal must outline
a market ramp-up that is as credible as it is ambi-
tious, and must be underpinned by effective policy
instruments (see the points below). If possible,
comparable dialogue processes should take place
at state and local authority levels.

The economic viability of the large-scale heat
pumps currently either in planning or operation
depends crucially on the ratio of electricity to gas
prices — at present, taxes, levies and surcharges
create perverse incentives. Currently, heat pumps
are in competition with fossil gas plants in new
construction projects and, in the foreseeable future,
also in operation. In this context, carbon pricing

is of crucial importance. Currently, heat pumps -
whether stand-alone or connected to heating
networks —face an important disadvantage: their
electricity supplies on the wholesale market are
exposed to the high carbon prices in the European
Emissions Trading Scheme (ETS).2* When fossil
gas is burned in plants and sectors that are not

24 The reason why electricity procurement is (indirectly)
burdened with ETS costs is because of how prices are
set on the electricity market: the price is determined by
so-called marginal power plants, which are generally still
fossil-fuelled today.
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part of the ETS, on the other hand, only the signifi-
cantly lower price under the German BEHG (Brenn-
stoffemissionshandelsgesetz, Fuel Emissions
Trading Act) is charged.

The new emissions trading system (ETS2) planned
at the European level for the buildings and trans-
port sectors or an increase in prices under the
BEHG could correct the current distortion. A price
floor that increases over time could provide the
necessary investment and planning security. In
contrast, a possible price cap under the ETS2, which
is also currently under discussion, would again limit
the effectiveness of this instrument, weaken
investment incentives for large-scale heat pumps
and further jeopardise the achievement of the
climate targets for the heating sector (MCC 2023).
Furthermore, electricity continues to be subject

to higher taxes, levies and surcharges than gas.

A further reduction of these perverse incentives,
for example through reducing the electricity tax

to the European minimum level, could remedy this
situation and thus create a level playing field.

The introduction of network use charges that vary
according to time is essential to ensure that heat
pumps use renewable electricity in a way that
supports the system and protects the network.
Germany is one of the few countries in Europe
where there are still no time-variable network use
charges (Acer, 2023). In addition, charges for larger
customers (with load profile metering) are assessed
exclusively on the basis of the customer’s annual
peak load —regardless of whether or not the network
was actually being used at that point in time. This is
a crucial obstacle to flexibility, as the operation of
heat pumps under these circumstances cannot be
optimised to suit the concurrent state of the net-
work. For example, a particularly high utilisation
makes systemic sense when there is strong local
renewable electricity production, and ought to be
possible at a correspondingly favourable price.

9.2 Large-scale heat pumps:
rapid cost reduction, further
performance enhancements and
increased production capacities

Large-scale heat pumps have considerable potential
for performance enhancements and simultaneous
cost reductions - manufacturing companies must
consistently exploit this potential and should be
strategically supported in doing so. The basic
technical principle and the individual components
of heat pumps have been known and commercially
available for decades. Especially in Northern Europe,
large-scale heat pumps have been in use for many
years already and have proven themselves in ope-
ration. With regard to customer needs, which will
change dramatically with the imminent expansion
of the market volume in district heating systems, the
industrial and scalable mass production of efficient
large-scale heat pumps is still in its infancy due to
insufficient demand. An anticipatory and rapid
expansion of supply is therefore essential to avoid
shortages or sharp cost increases in large-scale heat
pumps when demand picks up quickly.

The focus of the market ramp-up should be on lower
costs and higher unit numbers through standardi-
sation and modularisation in the power range up

to 10 MW. Standardised products are currently only
available on the market for the output range up to

1 MW. An expansion of standardisation to cover
output ranges up to 10 MW should be pursued as a
matter of priority. Firstly, the unit investment costs
(euros per kW) can be reduced through the use of
larger production systems. Secondly, standardisation
enables higher unit numbers and economies of scale
in manufacturing and project implementation. Beyond
a size of 10 MW, highly customised solutions will
remain necessary for the foreseeable future. For the
market ramp-up, a focus on multiple projects in this
medium output range - instead of fewer projects with
outputs significantly above 10 MW - can therefore be
advantageous, especially in the next few years.
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The further development of compressors holds
considerable potential for boosting the performance
of large-scale heat pumps and for the use of natural
refrigerants. Compressors are the technical heart of
heat pumps. They account for the largest proportion
of the electricity consumption of heat pumps and
have a major influence on their technical perfor-
mance and operating efficiency. Compressors must
also be adapted to new refrigerants or to refrigerants
that have only recently been introduced into this
field. Technical innovations in compressors and
refrigerants enable performance improvements with
regard to three key criteria. Firstly, higher target
temperatures and temperature lifts can be achieved.
Secondly, increases in efficiency are possible, i.e. an
improvement in the COP. Thirdly, greater flexibility
can be achieved by enabling operation across a wider
thermal output range and with faster load changes
and start-up and shutdown sequences. This facili-
tates a system-supporting mode of operation.

With regard to refrigerants, the question of whether
the use of perfluorinated and polyfluorinated alkyl
compounds (PFAS) is permissible should be clarified
quickly at European level. For existing manufactur-
ing facilities or those already under construction that
are designed to use refrigerants containing PFAS,
grandfathering should be considered.

Building up industrial manufacturing capacity
should be a focus of industrial policy. Only with

a significant expansion of global and European
manufacturing capacity can the potential of large-
scale heat pumps be fully exploited. In the context

of a stronger emphasis on resilient supply chains,
the expansion of European manufacturing capacity
in particular has a central role to play. Alongside
photovoltaics, wind turbines, electrolysers and
batteries, heat pumps are among those decarbonisa-
tion technologies that the European Commission has
identified as being of strategic significance.” Against

25  European Commission (2023): Green Deal Industrial Plan
for the Net-Zero Age

this background, the establishment of new produc-
tion capacity in Europe, combined with instruments

to ensure long-term demand, should be a priority.

9.3 District heating: a streamlined
funding landscape, mandatory
planning and simplified
implementation

The extension and new construction of district
heating systems, along with their upgrading, are
key drivers for the market ramp-up of large-scale
heat pumps - such measures must therefore be
simple, quick and economically attractive to carry
out. In order to achieve this goal, adjustments are
necessary in three areas. Firstly, financial support
systems must be improved or better coordinated. In
particular, the existence of parallel subsidy schemes
under the existing CHP Act and the new BEW
currently leads to perverse incentives. Secondly,
municipal heat planning must be made mandatory
and developed into integrated planning for the
energy system (a local energy distribution strategy).
This will identify the priority areas for networked
heat supply. Thirdly, the time required for projects to
be implemented must be halved from currently up to
six years to around three years through a package
of modifications and simplifications to the approval
and implementation processes.?

Perverse incentives created by the CHP Act and the
BEW Guideline must be eliminated through simpli-
fication of the financial support landscape. Alongside
the BEW Guideline, the old support system for CHP
continues to exist under the CHP Act. This currently
leads to significant perverse incentives, in particular
to designs for heat pumps that are too small and to the
continuous operation of CHP plants and heat pumps,
which is highly problematic for the electricity system

26  These are average times. The actual duration of projects
depends on many factors, including the size of the plant
and the scope of the construction work.
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as a whole. This should be corrected via a fundamen-
tal reform of the CHP Act.

The financial resources of the BEW must be
increased. The entry into force of the BEW on

15 September 2022, several years late, marked a
decisive step towards the transformation of district
heating systems to a climate-neutral provision based
on renewable energy. Given the necessity of a market
ramp-up of large-scale heat pumps, as shown in

this study, the financial resources of 3 billion euros
currently allocated until 2026 are insufficient.
Additional funding of around 1.8-3.9 billion euros
would be required by 2026 just for the annual
expansion needed for large-scale heat pumps with

a thermal output of around 4.5 GW (incl. heat storage)
and the construction of around 800 km of new
heating pipelines (cf. Chapter 7.3). However, this very
rough calculation does not take into account either
the operating cost subsidies under BEW Module 4

or the expansion of solar thermal energy and deep
geothermal energy - so the funding shortfall is
significantly larger. Against this background, an
analysis conducted by Agora Energiewende (2022)
recommended increasing the funding by a further

8 billion euros to a total of 11 billion euros.?’ The
transformation of district heating systems must also
be accompanied by the renovation of the buildings
and heat transfer stations connected to these net-
works. This must be taken into account in the further
refinement of the BEW Guideline.

The operating cost subsidy for individual measures
under BEW should not be interpreted in an overly
restrictive way. Large-scale heat pump projects
implemented as individual measures under Module 3
of the BEW Guideline and contributing to the accele-
rated market ramp-up should, as far as possible, not

27  Asimilar order of magnitude is cited by Gerhardt et al.
(2021), who arrive at a necessary funding volume of 3
billion euros per year, of which two-thirds is for district
heating network expansion and one-third for large-scale
heat pumps.

have any economic disadvantages compared to
large-scale heat pumps supported as part of a
systemic measure under Module 2. This means
that the requirements for entitlement to operating
cost support under Module 4 -1i.e. the existence of
a transformation plan that meets the requirements
of Module 1- should not be interpreted too restric-
tively for individual measures under the BEW.

For deep geothermal energy, exploration activities
and the hedging of exploration risk are important.
There are still gaps in the mapping of the deep
geothermal energy potential in Germany. Further-
more, an instrument for hedging the exploration risk
for wells is lacking. Measures are therefore needed
to finance an exploration programme and a mecha-
nism for hedging the exploration risk.

Municipal heat planning must be introduced on

a mandatory basis and further developed into
integrated energy infrastructure planning (a local
energy distribution strategy). The success of the
heat transition depends on its implementation on
the ground - and for this, nationwide municipal
heat planning is crucial. Binding regulations must
be established at the federal level so that reliable and
comparable heat plans are created in all local author-
ities — especially with regard to the achievement of
climate targets and the limited use of hydrogen and
biomass. In particular, local authorities need support
in obtaining data (legal clarification) and for per-
sonnel. To ensure that the heat plans can also be
implemented, they must become legally binding. In
addition, municipal heat planning should be further
developed into a local energy distribution strategy
that enables the coordinated planning and installa-
tion of electricity, gas, hydrogen and district
heating networks.
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Large-scale heat pump projects can be significantly
speeded up through leaner planning, simplified
approval processes and stronger implementation
capacities. Shortening project duration from up to
six years at present to around three years requires a
bundle of individual measures each of which can only
make a limited contribution on its own, but which
have a major impact as part of an overall package.
These are presented in detail in Chapter 8; the most
important individual measures are briefly listed
again below:

- The designation of the expansion of climate-
neutral district heating systems as a “measure of
overriding public interest". In parallel with the
expansion of renewable energy and the electricity
grids, such a legal status would help to ensure that
trade-off decisions that favour district heating
systems would be made more quickly and reliably.

- Consolidation of the measures to accelerate
approval procedures for large-scale heat pumps
introduced within the framework of the EU
Emergency Regulation, which came into force
in December 2022 and is limited to 18 months.?®

- Simplification of approval procedures for the use
of surface water and wastewater as a heat source.
In low-risk and standardised projects, testing and
verification requirements that are not absolutely
necessary can be omitted, enabling faster project
implementation without compromising water
protection.

- Electricity grid expansion and faster connections
to the grid for heat pumps. Depending on the
region, one of the more than 800 different electri-
city grid operators is responsible for the connection

28  Council Regulation (EU) 2022/2577 of 22 December 2022
establishing a framework for the accelerated develop-
ment of the use of renewable energy (O] L 335, 29
December 2022, p. 36-44) states in paragraph 1, Article 7
on accelerating the development of the use of heat pumps
that ,the permit-granting process for the installation of
heat pumps below 50 MW electrical capacity shall not
exceed 1 month, whilst in the case of ground source heat
pumps it shall not exceed 3 months."

of heat pumps to the grid in Germany. These each
have their own grid connection conditions, appli-
cation procedures and testing methods. This leads
to considerable additional administrative work
and, in some cases, long waiting times for a con-
nection. Clear specifications for connection re-
quirements and deadlines are becoming all the
more important as the market ramp-up of heat
pumps and electromobility progresses.

- Providing practical guides for investors, approval
authorities and planners in order to make best
practice experience readily available and to make
the approval and planning processes more efficient.

- Draw up comprehensive registers of heat sources
and their potentials and make them publicly
available. Making this data available quickly,
digitally and unbureaucratically contributes
significantly to speeding up projects and is already
common practice in other European countries.

- An obligation to either use or provide access to
industrial waste heat after meeting one's own
needs. Legal clarification can avoid time-consuming
negotiations over individual projects and enable
heat potentials to be harnessed more quickly and
cost-effectively.

- Speeding up (EU) tendering procedures for
large-scale heat pump projects in the market
ramp-up phase. To ensure eligibility for funding,
project components and services must be put out
to tender across Europe. Switching to a simplified
procedure —while at the same time ensuring
cost-effective procurement - can shorten project
durations.

- Reducing the shortage of skilled workers among
manufacturers, energy suppliers, project planning
offices and contractors, construction companies,
approval authorities and funding providers. What
is needed, for example, is a clear prioritisation of
jobs relevant to transformation, climate protection
and security of supply, better education and trai-
ning programmes, and retraining opportunities
in sectors with comparable skills requirements
(for example, the automotive sector and the internal
combustion engine sector).
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Priorities for action for climate-neutral heat up to 200 °C Table 5

overall framework: clear Stakeholder process to clarify goals (large-scale heat pump summit)

targets, efficient energy prices
and a reform of network Economic performance of electricity compared to gas; carbon pricing

use charges
Network use charging that supports the energy system and faster connections
to the network

Large-scale heat pumps: Standardisation, modularisation and scaling of products and processes

rapid cost reduction, further
performance enhancements
and greater production

capacities Building up production capacity

Innovation focus: temperature lifts, efficiency increases and flexible operation; increased
use of natural refrigerants

District heating systems: Increasing funding and removing perverse incentives

a streamlined funding land-
scape, mandatory planning and
simplified implementation of
large-scale heat pump projects

Mandatory municipal heat planning and development into @ municipal energy
distribution strategy

Accelerated planning, approval and implementation of large-scale heat pump projects

Agora Energiewende und Fraunhofer IEG (2023)

The recommendations for action made in this study are needed in many areas, the study underlines the
represent a coherent and comprehensive package contribution that innovative approaches in heat
that can help the ambitious ramp-up of large-scale supply can make to a successful transformation to
heat pumps and district heating systems to succeed. climate neutrality — provided they are put into action
While further analyses and more precise information quickly and ambitiously.
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A.1 Overview of large-scale heat pump projects
and detailed description of selected projects

Overview of large-scale heat pump projects in district heating systems

Heat source

Waste heat

Waste heat
(industrial)

Waste heat
(cooling unit)

Waste heat
(cooling unit)

Waste heat

(power plant)

Waste heat

(power plant)

Waste heat

(power plant)

Waste heat

(power plant)

Waste heat

(power plant)

Wastewater,

sewage plants

Wastewater,

sewage plants

Wastewater,

sewage plants

Wastewater,

sewage plants

Wastewater,

sewage plants

Ambient air

Ambient air

Ambient air

Ambient air

Status

operational

planned

operational

operational

under con-
struction

under con-
struction

under con-
struction

operational

operational

planned

planned

planned

operational

operational

planned

under con-
struction

under con-
struction

operational

Thermal
output

0.5 MW

> 0.5 MW

8.0 MW

1.2 MW

2.0 MW

20.5 MW

1.2 MW

> 0.5 MW

0.7 MW

0.5 MW

4.0 MW

60 MW

2.4 MW

3.0 kW
0.8 MW

1.4 MW

0.9 MW

1.4 MW

Temperature of

heat source

32°C

7.5-28°C

winter: 7.5-20°C

38-48°C

40°C

10-25°C

ca.14°C

13°C (average
temperature)

operating
above 13°C

Flow
temperature

up to
130°C

85-120°C

120°C

90°C

80°C

65°C

75-85°C

85°C

90°C

85°C

cop

ca.3.0

2.8

5.4

6.4

2.5-

33

ca.3

2.7

2.8

Table 6

Sources

BWP (2022c)

Menzel (2022)

Siemens Energy (2021)

BWP (2022a)

Stadtwerke Munster
(2023)

Energiewendebauen
(2023); AGFW (20233)

AGFW (20233); Energie-
wendebauen (2023)

energie-experten (20233)

Vattenfall (2022)

Tix (2023)
Duisburger Versorgungs-
und Verkehrsgesellschaft

(2023)

Teuffer (2022)

energie.de (2021)

Stadtwerke Stuttgart
(2023)

Tix (20222)

Stadtwerke Heidelberg
(2023)

energie-experten (2023b)

BWP (2022c)
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Heat source

River water
River water

River water

River water

River water

River water

River water

Pit water

Pit water
Groundwater
Sea water

Sea water
Sea water

Near-surface
geothermal energy

Lake water
Servers and

data centres

Deep geothermal
energy

Groundwater
and waste heat
(cooling unit)

Ambient air or
near-surface geo-
thermal energy

Multiple heat
sources

No information

Fraunhofer IEG based on sources cited (see last column)

Status Thermal
output
planned 230 MW
planned > 0.5 MW
planned 2.0 MW
under c‘on- 0.5 MW
struction
under con-
. 4.7 MW
struction
under c‘on- 70 MW
struction
operational 1.0 MW
planned 3.0 MW
under con-
. 0.5 MW
struction
operational 2.0 MW
planned > 0.5 MW
planned 0.7 MW
planned 50-80 MW
operational 0.8 MW
planned 35 MW
planned 20.0 MW
planned 7.4 MW
operational 1.2 MW
planned 1.2 MW
planned 1.2 MW
under Fon- > 0.5 MW
struction

Temperature of Flow
heat source  temperature
3-25°C .
winter: 3-120¢ 83 99°C
3-21°C .
winter: 3-12°C 88°C
operating o
above 8°C 95°C
18°C 48°C
60°C 80-120°C
— 60-85°C
min. 4°C -
2-25°C 80-115°C
4-15°C 95-125°C
56°C 75-80°C
40°C 60°C

cop

2.5-
3.0

2.5—
2.8

€a.2.5

>25

3.6

Sources

Fischer (2022)
Stadt Heidelberg (2022)
Tix (2022¢)

MVV Umwelt GmbH
(2023)

Hochmuth (2022)

umweltwirtschaft.com
(2023)

AGFW (2023c)

Fraunhofer IEG
IEA (20223)

BWP (2023b)

Zeitung fur kommunale
Wirtschaft (2022)

Dierks (2022)

Stadtwerke Kiel (2023)
BWP (2023b)

Stadtwerke Cottbus (2023)
K21 media GmbH (2023)
Holdinghausen (2022);

Stadtwerke Schwerin
(2022)

BWP (2023b)

Tix (2022b)

Energiewendebauen
(2023)

enercity (2022)

13
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Overview of large-scale heat pump projects in decentralised heat supply and industrial processes

Heat source

Waste heat

Waste heat

Waste heat
Waste heat
(industrial)

Waste heat
(industrial)

Waste heat
(power plant)

Waste heat
(district heating)

Waste water and sewage
treatment plants

Ambient air
Pit water

Groundwater
Groundwater
Groundwater
Groundwater
Groundwater

Near-surface
geothermal energy

Near-surface
geothermal energy

Near-surface
geothermal energy

Status

operational

operational

operational

planned

operational

operational

operational

operational
operational
operational

operational
operational
operational
operational

operational

operational

operational

operational

Thermal
output

3.5 MW

1.7 MW

0.8 MW

120 MW

3.3 MW

10 MW

1.0 MW

1.5 MW

1.4 MW

0.9 MW

1.3 MW
4.9 MW
4.5 MW
0.9 MW

1.6 MW

1.7 MW

1.0 MW

1.4 MW

Fraunhofer IEG based on sources cited (see last column)

Tempera-
ture of heat
source

26-29°C

23°C

39°C

10°C

14°C

10°C
10-12°C

10°C

Flow tem-
perature

58°C

75°C

90°C

35°C

78°C

40°C

up to
70°C

50°C

55°C

cop

5.6

6.3

4.5

4.5

4.7-5.8

5.6

4.2

Table 7

Sources

Jakobs (2017)

Jakobs und Stadtlander
(2020)

Jakobs und Stadtlander
(2020)

BASF (2022)

Jakobs und Stadtlander
(2020)

Jakobs und Stadtlander
(2020)

BWP (2023a)

Ochsner (2023b)

BWP (2020)

Kreiskrankenhaus
Freiberg (2023)

BWP (2023b)
BWP (2019)
BWP (2019)
BWP (2022b)

Viessmann (2023b)

BWP (2023b)

BWP (2023b)

BWP (2023b)
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Information sheet Duisburg

Waste water heat pump Duisburg

Operator Stadtwerke Duisburg AG = .
Other project partners Wirtschaftsbetriebe Duisburg AGR .
Location Duisburg-Huckingen (DE)

Project type Waste water heat pump for

district heating
Launch Planned for 1st quarter 2025 i, = %
Heat source Waste water (pure water treatment plant), volume flow strongly fluctuating
Temperature of heat source: 10-25°C
Heat sink District heating (flow temperature of heating network: 75-130 °C)
Flow temperature of heat pump: 75-85°C
cop 2.5-33

Technical data

Heat pump manufacturer  Not yet known

Model Not yet known

Thermal output Heat: 2 x 2 MW

Electrical output Not yet known (@mmonia, natural refrigerant)

Compressor Not yet known

Refrigerant R717 (ammonia, natural refrigerant)

Dimensions Not yet known Weight Not yet known
Sound pressure level Not yet known

Hours in operation 4 000 hours per year planned

Additional systems Gas engine (2 x 4.5 MW), electric boiler (30 MW) at other site
Heat storage no

CO; avoidance Not yet known

Investment volume Not yet known

Funding iKWK award, June 2021

Duisburger Versorgung- und Verkehrsgesellschaft; Tiepelmann, Sabine (2021): iKWK-Stadtwerke Pitch. Duisburger Versorgungs-

und Verkehrsgesellschaft. Available online at https://www.youtube.com/watch?v=0HtHmZuSakQ, accessed 24/01/2023. Duisburger
Versorgungs- und Verkehrsgesellschaft (2023); correspondence between S. Tiepelmann and Fraunhofer IEG energie.de (2021):

Stadtwerke Duisburg errichten gréfte iKWK-Anlage Deutschlands an einer Kldranlage. Available online at https:// www.energie.de/eurohe-
atpower/news-detailansicht/nsctrl/detail/News/stadtwerke-duisburg-errichten-groesste-ikwk-anlage-deutschlands-an-einer-klaeranlage,
accessed 24/01/2023.
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Information sheet on the Mannheim river water heat pump

Reallabor - Mannheim

Operator MVV AG ik

Other project partners IER Universitat Stuttgart, :
Fraunhofer ISE, AGFW

Location Mannheim (DE)

Project type River water heat pump for district Getriebe Verdichter

heating network

Launch Planned for 2023
Heat source River water
Temperature of heat source: 3-25°C; during heating season 3-12°C
Heat sink District heating (flow temperature of heating network: 83-129.9 °C)
Flow temperature of heat pump: 83-99°C

cop 2.5-3.0 (planned annual COP 2.7)

Technical data

Heat pump manufacturer  Siemens Energy

Model SHP 600

Thermal output Heat: 20.5 MW

Electrical output 7 MW (load range: 65-100 percent)

Compressor Radial compressor

Refrigerant R1234ze(E) (HFO, synthetic refrigerant), ~12 000kg
Dimensions 18 x8.8x53m Weight: 142 t
Sound pressure level (1m) 97 dB(A)

Hours in operation 2 000 h per year

Additional systems 4 hard coal-fired cogeneration units (total 1500 MW)
Heat storage 43 000 m?, 1500 MWh

CO; avoidance 10 000 t per year

Investment volume 800 €/kW, total 15 Mio. €

Funding BMWK Reallabor

MVV Umwelt GmbH (2023): Grine Warme aus dem Rhein. Von der Idee zur Planung der MVV-Flusswarmepumpe, im Rahmen der AG-
FW-Veranstaltung SW.aktiv am 04/10/2022. MVV: R(h)ein mit der Warme. MVV installiert eine der grof3ten Flusswarmepumpen Europa.
Online available https://www.mvv.de/ueber-uns/unternehmensgruppe/mvv-umwelt/aktuelle-projekte/mvv-flusswaermepumpercatego-
ry=0&question=1996, accessed 24/01/2023. AGFW (2022): Correspondence between Dr. A. Jentsch (AGFW) and Fraunhofer IEG
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Information sheet on the Rosenheim river water heat pump

Reallabor-Rosenheim

Operator Stadtwerke Rosenheim .-n "‘}}0 1 1 . #

Other project partners IER Universitat Stuttgart, & ;
Fraunhofer ISE, AGFW

Location Rosenheim (DE)

Project type Stream water heat pump for district

heating network
Launch Planned for 2022/2023
Heat source River water, screened and sieved
Temperature of heat source: 3-21°C; during heating season: 3-12°C
Heat sink District heating

Flow temperature heat pump: 88°C, then temperature increase to 90-120°C
through steam heat exchanger from waste incineration plant

copP 2.5-2.8

Technical data

Heat pump manufacturer  Johnson Controls

Model SaBROE/NS-DualPAC

Thermal output Heating: 3 x 1566 kW; cooling: 3 x 1105 kW

Electrical output 3 x 628 kW (load range: 40-100 percent)

Compressor Double-stage unit consisting of screw and piston compressor
Refrigerant R717 (ammonia, natural refrigerant), ca. 3 x 260 kg

Dimensions 6.7 x 4.0 x 2.6 m per heat pump Weight: 19 t per heat pump
Sound pressure level 108.9 dB(A)

Hours in operation 4 000 h per year

Additional systems iKWK: Gas engine (4.5 MW), electric boiler (1.8 MW)

Heat storage 1000 m?

CO; avoidance Not yet known

Investment volume 3.8 Mio. € (heat pumps), 8.5 Mio. € (incl. buildings and connections)
Funding iKWK award, BMWK-Reallabor

Stadtwerke Rosenheim; Hochmuth, Sebastian (2022): GroBwarmepumpen Rosenheim. Bau- und Betriebserfahrungen drei baugleicher
GroBwarmepumpen im Rahmen von iKWK-Systemen, im Rahmen der AGFW-Veranstaltung SW.aktiv am 04/10/2022. ENERGIEWENDE-
BAUEN (2022): Neu: GroBwarmepumpen in deutschen Fernwarmenetzen. Available online at https://www.energiewendebauen.de/projekt/
neu-grosswaermepumpen-in-deutschen-fernwaermenetzen/, accessed 24/01/2023. AGFW (2022); correspondence between Dr A. Jentsch
(AGFW) and Fraunhofer IEG
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Information sheet on deep geothermal energy with heat pump Schwerin

Deep geothermal energy - Schwerin

= e T i g

Operator Stadtwerke Schwerin : m mmmm
Other project partners No information
Location Schwerin (DE)
Project type Deep geothermal energy with
heat pump
Launch Not yet known
Heat source Deep geothermal (1235 m)

Temperature of heat source: ca. 54°C
Heat sink District heating flow temperature: 80/130°C
Flow temperature of heat pump: 75-80°C
coP Not yet known

Technical data

Heat pump manufacturer  Carrier

Model Type 61IXWHHZE15 and 6IXWHHZETO0, total 4 WP

Thermal output 7.35 MW

Electrical output Not yet known (load range: Not yet known)

Compressor Not yet known

Refrigerant R134a (HFKW, synthetic refrigerant), R1234ze (HFO, synthetic refrigerant)
Dimensions Not yet known Weight: 9.5and 7.3 t
Sound pressure level Not yet known

Hours in operation Not yet known

Additional systems Not yet known

Heat storage Not yet known

€O, avoidance Not yet known

Investment volume Entire plant 20 million €

Funding Funding from EFRE and KfwW

Stadtwerke Schwerin (2023) Geothermie. Available online at: https://www.stadtwerke-schwerin.de/home/ueber_uns/geothermie/ ac-
cessed (30/03/2023). Stadtwerke Schwerin (2022) Geothermie in Schwerin: Warmepumpen wurden geliefert. Available online at: https://
www.pressebox.de/ pressemitteilung/stadtwerke-schwerin-gmbh/Geothermie-in-Schwerin-wWaermepumpen-wurden-geliefert/bo-
xid/1126438. Accessed (01/02/2023). Holdinghausen, Heike (2022) Der Clou von Schwerin. Available online at: https://taz.de/Waermewen-
de-aus-der-Tiefe/!5883053/. Accessed (01/02/2023). Carrier. AquaForce. Available online at: https://www.carrier.com/commercial/de/de/
produkte/heizung/wasser-wasserwaermepumpen/61xwhze/. Accessed (01/02/2023). Carrier. 61 XW. Available online at: https://www.carrier.
com/commercial/en/cn/products/commercial-products/chillers/61xw/. Accessed (01/02/2023). Stadtwerke Schwerin GmbH (2023);
correspondence between Rudiger, René (Stadtwerke Schwerin GmbH) and Fraunhofer IEG
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Information sheet on waste heat heat pump Stuttgart

Reallabor - Stuttgart

Operator EnBW AG = ﬂ Faes

Other project partners IER Universitat Stuttgart, ' i
Fraunhofer ISE, AGFW, Mitsubishi

Location Stuttgart (DE)

Project type Waste heat from residual waste
incineration for district heating

Launch Planned for 2023 T v 7.1

Heat source Cooling water discharge to the Neckar from the residual waste

heating power plant, river water filtered

Temperature of heat source: 7.5-28°C; during heating season: 7.5-20°C
Heat sink District heating flow temperature: 93 °C (medium temperature)

Flow temperature of heat pump: 90°C

cop 2.8

Technical data

Heat pump manufacturer  Johnson Controls

Model Not yet known

Thermal output Heat: 20.5 MW

Electrical output 7 300 kW (load range: Not yet known)
Compressor Not yet known

Refrigerant R1234ze (HFO, synthetic refrigerant), 20 000 kg
Dimensions Not yet known Weight: not yet known
Sound pressure level Not yet known

Hours in operation ca. 3 000 h per year

Additional systems Currently: 3 waste boilers, 3 coal boilers

Heat storage No information

CO; avoidance ca.15 000 t CO, per year

Investment volume 700-800 €/kW

Funding Reallabor (BMWK)

Sources: Plattform Erneuerbare Energien Baden-Wirttemberg (2021): Webseminar: GroRwarmepumpen-der nachste Schritt zur War-
mewende (Video). Available online at https://www.youtube.com/watch?v=Q370RjeAuDQ, last checked on 24/01/2023. ENERGIEWENDE-
BAUEN (2022): Neu: GroBwarmepumpen in deutschen Fernwarmenetzen. Available online at https://www.energiewendebauen.de/projekt/
neu-grosswaermepumpen-in-deutschen-fernwaermenetzen/, last checked on 24/01/2023. AGFW (2022); correspondence between Dr A.
Jentsch (AGFW) and Fraunhofer IEG
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A.2 Dispatch and demand in the electricity and
district heating sectors for all base years
of the T45 scenarios ,Electricity” and ,H;"
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Operation of the electricity and district heating sectors in a winter week* in the Figure 36
T45-Electricity scenario
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121



Agora Energiewende | The roll-out of large-scale heat pumps in Germany

Operation of the electricity and district heating sectors in a winter week* in the T45-H, scenario Figure 37
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Operation of the electricity and district heating sectors in a summer week* in the Figure 38
T45-Electricity scenario

Electricity sector District heating sector
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Fraunhofer IEG basierend auf Fraunhofer ISI et al. (2022b). * end of August. ** incl. electricity demand from large-scale heat pumps

123



Agora Energiewende | The roll-out of large-scale heat pumps in Germany

Operation of the electricity and district heating sectors in a summer week* in the T45-H, scenario Figure 39
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Minimum economic and ecological benefits* of a flexible operation of large-scale heat pumps Figure 40
in the T45-Electricity scenario

153

Mixed-source
electricity

Large-scale heat pump,
flexible operation**

Large-scale heat pump,
high load***
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Fraunhofer IEG based on Fraunhofer ISI et al. (2022b) assuming a constant COP of 3.0. * Corresponds to economically optimised operation with
low full load hours. ** Heat generation from the large-scale heat pump matches immediate heat demand (no use of heat storage). The
maximum heat generation of the large-scale heat pump is limited so that 6 000 full load hours occur over the year. Assuming that the hourly
wholesale prices and CO, emission factors on the electricity market do not change as a result of the change in the operating mode of the
large-scale heat pump. *** Electricity price and CO; emission factor for operation under high load apply only to the first marginal unit. With each
additional unit that switches from flexible operation to high-load operation, the price of electricity (and the CO, emission factor) increases,
because increasingly expensive (and CO.-intensive) electricity generation plants are needed to meet the additional demand.
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Minimum economic and ecological benefits* of flexible operation of large-scale heat pumps Figure 41
in the T45-H, scenario

153
Mixed-source
electricity
Large-scale heat pump,
flexible operation**
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Fraunhofer IEG based on Fraunhofer ISI et al. (2022b) assuming a constant COP of 3.0. * Corresponds to economically optimised operation with
low full load hours. ** Heat generation from the large-scale heat pump matches immediate heat demand (no use of heat storage). The
maximum heat generation of the large-scale heat pump is limited so that 6 000 full load hours occur over the year. Assuming that the hourly
wholesale prices and CO, emission factors on the electricity market do not change as a result of the change in the operating mode of the
large-scale heat pump. *** Electricity price and CO, emission factor for operation under high load apply only to the first marginal unit. With each
additional unit that switches from flexible operation to high-load operation, the price of electricity (and the CO, emission factor) increases,
because increasingly expensive (and CO,-intensive) electricity generation plants are needed to meet the additional demand.
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A.3 Large-scale heat pump products on the

market (TRL = 9) and other heat pump
products and technologies

Overview of large-scale heat pumps available on the market (TRL = 9)

Manufacturer Max. flow Heat output

temperature | 0.1 MW 1MW 10 MW

AGO Energie’ 150°C ]
Carrier? 85°C ]

Carrier? 70°C ]

Carrier? 55°C I

Carrier? 50°C [

Carrier? 63°C ]
Combitherm? 80°C [
Combitherm? 120°C ..

Enertime* 130°C ]
Engie Refrigeration® 65°C I

Engie Refrigeration® 50°C I

Engie Refrigeration® 90°C I

EPCON (MVR)® 150°C |
Fenagy’ 120°C I

Friotherms 80°C I

Friotherm® 80°C [ ]
Friotherm? 80°C I
Friotherm? 80°C ||
Friotherm? 80°C I
Friotherms 90°C |
Friotherms 80°C I
Friotherm® 90°C I
GEA?® 80°C ]

GEA?® 95°C I

GEA® 80°C I

Heaten™ 200°C ]
Hybrid Energy™ 100°C I

Hybrid Energy™ 120°C |

Hybrid Energy™ 120°C ]
Johnson Controls®™ 70°C I

Johnson Controls® 90°C I

Johnson Controls™ 70°C I

Johnson Controls®™ 90°C I

Johnson Controls™ 120°C ]
Johnson Controls™ 95°C [ |
Johnson Controls™ 70°C I
Johnson Controls® 93°C ]
Johnson Controls™ 93°C I

Figure 42

Refrigerant

R718/R717
R1234ze
R1234ze/R515B
R1234ze/R515B
R134a

R134a
various
various
R1233zdE
R1234ze/R515B
various
R744

R718

R744

R134a

R134a

R134a

R134a

R134a

R134a

R134a

R134a

R717

R717

R717

HFOs
R717/R718
R717/R718
R717/R718
R717

R717

R717

R717

R717 + R600
R717

R717
R1234ze
R1234ze

B Screw compressor I Piston compressor [ Turbo compressor [ Scroll compressor [l Other technology
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Overview of large-scale heat pumps available on the market (TRL = 9) Figure 42
Max. flow Heat output Refrigerant
e oo o]
Johnson Controls™ 90°C [ ] R717
Johnson Controls™ 90°C ] R134a
Johnson Controls™ 50°C ] R1343, R513a
Johnson Controls™ 93°C ] R1234ze
Johnson Controls™ 50°C I R1234ze
Johnson Controls® 68°C ] R1234ze
Johnson Controls™ 50°C ] R1234ze
Johnson Controls® 63°C || R513a
Johnson Controls™ 65°C [ R134a
Johnson Controls™ 50°C I R410a
Johnson Controls™ 55°C [ R410a
KKT Chillers™ 70°C ] various
Kobelco™ 165°C ] R245fa
Kobelco™ 120°C | R245fa
Mayekawa'™ 85°C | R717
Mayekawa™ 85°C | R717
Mayekawa™ 85°C I R717
Mitsubishi'® 90°C I R134a
Ochsner” 130°C ] R245fa
Ochsner” 96°C ] R245fa
Ochsner” 75°C ] R134a
Oilon™ 120°C I various
Oilon™ 85°C ] various
Oilon™® 62°C I R410A
Olvondo™ 200°C | R704
Siemens Energy? 100°C [ R1234ze u.a.
Siemens Energy?° 150°C ] R1234ze u.a.
Spilling (MVR)? 250°C | R718
SRMZ 85°C ] R1343, R22, R717
Star Refrigeration? 130°C ] R717
Swegon? 63°C [ ] R5133, R134a
Swegon2* 65°C ] R1234ze
Swegon2* 65°C [ ] R1234ze
Swegon2* 60°C ] R32
Turboden? 200°C ] various
Viessmann?® 73°C [ R513a
Piller (MVR)¥ 212°C I R718

B Screw compressor I Piston compressor [ Turbo compressor [ Scroll compressor [l Other technology

Fraunhofer IEG based on (1) AGO Energie (2023), (2) Carrier (2023), (3) Combitherm (2023), (4) enertime (2023), (5) Engie Refrigeration (2023),
(6) IEA (2023b), (7) Fenagy (2023), (8) Friotherm (2023), (9) GEA (2023), (10) Heaten (2023), (11) Hybrid Energy (2023), (12) Johnson Controls
(2023), (13) KKT Chillers (2023), (14) IEA (2023b), (15) Mayekawa (2023), (16) Mitsubishi (2023), (17) Ochsner (20233), (18) Oilon (2023), (19) Ol-
vondo (2023), (20) Siemens Energy (20233), (21) IEA (2023b), (22) SRM (2023), (23) Star Refrigeration (2023), (24) Swegon (2023), (25) Turboden
(2023), (26) Viessmann (2023a), (27) IEA (2023b)
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Overview of new or improved large-scale heat pumps (TRL < 9) according to IEA HPT Annex 58 Figure 43
temperature |0.1 MW 1MW 10 MW 100 MW

Enerin 250°C I R704 6
Piller (MVR) 212°C ] R718 8-9
Turboden 200°C ] various 7-9
Heaten 200°C ] HFOs 7-9
ToCircle 188°C ] R717/R718 6-7
spHeat 165°C ] HFOs 6-8
SRM 165°C | R718 5
Simens Energy 160°C I various 7-8
Enertime 160°C I HFOs 4-8
Weel & Sandvig 160°C I R718 4-9
Rank 160°C ] various 7
MAN 150°C I R744 7-8
Ohmia Industy 150°C ] R717/R718 7-8
ecop 150°C ] Noble gas 6-7
Mayekawa 145°C ] R601 5
GEA 130°C ] R744 8
Johnson Controls 120°C I R717 +R600  7-8
Fenagy 120°C I R744 5-6
Mayekawa 120°C I R600 7

B Screw compressor [ Piston compressor [ Turbo compressor [ Scroll compressor [l Other technology

Fraunhofer IEG based on IEA (2023b)
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Overview of other market-ready and novel heat pump technologies

Technology

Absorption
and adsorption
heat pump
TRL=9

Mechanical
vapour recom-
pression (MVR)
TRL=9

Thermal
vapour
recompression
TRL=9

Rotation heat

pump (ecop)
TRL=6-7

Stirling heat
pump
(Olvondo,
Enerin)
TRL=6-9

Hybrid heat
pump (AGO
Energie,
Hybrid Energy)
TRL=9

rayton heat
pump (DLR)
TRL=4

Mode of operation

Temperature increase
through absorption
and desorption of a
refrigerant with
thermal drive power

Open compression
heat pump using
process steam as
refrigerant

Open compression by
means of a steam jet
compressor, driven by
hot process steam

Rotating heat pump
circuit with compres-
sion of a single-phase
inert gas mixture as
refrigerant through
centrifugal forces

Heat pump circuit
based on counterclock-
wise Stirling cycle

Hybrid of compression
and absorption

heat pump with
ammonia-water
solution as refrigerant

Heat pump based on
the Brayton cycle
with air or argon as
refrigerant

Applications

Space heating, hot
water, district heating
and process heat up to
150 °C

Generation and
processing of process
steam up to 280 °Cin
energy-intensive
process industries

Heat supply for distilla-
tion, cooking, evapora-
tion and stripping
processes to increase
efficiency in process
engineering in the food,
paper and chemical
industries

Process and district
heating up to 150 °C
and 700 kW

Applications with large
temperature lifts and
sink temperatures

up to 250 °C

Process and district
heating applications
with sink temperatures
up to 150 °C

Process heat up to
500 °C

Table 8

Pros and cons

+

No mechanical drive required
COP less dependent on source
temperature

Usually fossil fuel for drive heat
Usually less efficent as a rule

Very high sink temperatures possible
High COP

High source temperature needed
Applications limited due to open
operating mode

Cost-effective
Restricted temperature and
applications ranges

Low total pressure losses and thus
high efficiency
High flexibility of temperature range

Environmentally-friendly refrigerant
(Helium)

High sink temperatures and large
temperature lifts with high COP

Due to mechanical compression, no
fossil heat supply required

Flexible operation through regulation
of the mixing ratio of the solution

Opens up high temperature ranges
Increased COP due to expander
Environmentally-friendly refrigerant

Fraunhofer IEG based on Wolf (2017); Soroka (2015); International Energy Agency (IEA) (2022b); Neksa et al. (2019); Stathopoulos (2022)
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A.4 Analysis of the heat generation costs

Breakdown of the heat generation costs* for different heat sources with varying full load hours

Heat generation costs [€/MWh]

Deep geothermal energy (80 °C, COP = 9.3)
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Figure 44
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Unit heat production costs in 2030 for different heat sources with varying full load hours

and electricity supply costs, for plants with a heating capacity of 1 MW and 10 MW

at a sink temperature of 80 °C
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Figure 45
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A.5 Checklist for district heating providers
for the planning and implementation of
large-scale heat pump projects

Checklist of important issues for large-scale heat pump projects

Issues/questions

Financing the development of
the strategy and identification
of measures

Compatibility with municipal
heat plan

Need for support from
planning offices/consultancies

Funding application for the
subsequent implementation
of the project

Which (potential) heat sources
can be tapped where

Location under consideration
and relevant temperature/
load range of the heat sink

Flow and/or return integra-
tion into the district heating
system

Higher temperature vs. higher
COP as optimisation goal

Power, heat generation and
flexibility of the large-scale
heat pumps? Which
compressor technology?

Table 9

Trade-offs/Factors to be taken into consideration (choices/options)

From own resources or with external funding (e.g. BEW Module 1)

Early and regular coordination with the local authority, approval authorities
and other stakeholders

Higher costs for tendering and awarding of planning and consulting services
vs. greater expertise, higher quality and faster turnaround

Early decision on the preferred funding framework (BEW Modules 2-4 vs.
iKWK tender and EE bonus), taking into account the associated funding
criteria, funding level and the permissible implementation period until
operational launch.

Source-specific and distance-dependent expenditure for access and
connection should not exceed achievable COP benefits. In principle, however,
all available heat sources should be used and, if possible, those with the best
cost-benefit ratio first.

Need for early coordination with potential waste heat suppliers
(e.g. industry, sewage treatment plants, data centres).

Which (network) area with which network and performance characteristics
should and could be supplied by the large-scale heat pump in the future

How will the demand for heat develop with increasing progress in renovating
buildings? Are technical adjustments to the heat transfer stations planned?
(Need for coordination with large district heating customers, e.g. housing
associations)

Are additional investments in the district heating system required (tempera-
ture, hydraulics, optimisation of regulation equipment, pipeline extension and
new network connections)? (Minimum network size for BEW Modules 2 and 3
must be considered)

Should the design of the large-scale heat pumps focus on achieving higher
sink temperatures or a higher COP?

Depending on the temperature, performance and flexibility requirements,
different technologies, refrigerants, operating and configuration variants
can be considered for the large-scale heat pump assembly. This also influ-
ences the cost of operation, maintenance and servicing.

133



Agora Energiewende | The roll-out of large-scale heat pumps in Germany

Issues/questions

A single large large-scale
heat pump vs. several smaller
large-scale heat pumps

Functions and design of the
heat storage

Selection of the site(s)? Land
acquisition and urban land
use planning required?

Requirements for the power
supply networks and the
power connection

Relevant regulations and
competent licensing author-
ities? Scope and duration of
the approval procedure?

Total investment requirement
and resulting heat production
costs

Effects on district heating
supply contracts and prices

Financing the investment
with the aid of subsidies
(BEW or iKWK)?

Management of the construc-
tion work and design of the
commissioning procedure

(EU tender)?

Detailed planning, delivery
deadlines, site and construc-
tion supervision

Fraunhofer IEG (2023)

Trade-offs/Factors to be taken into consideration (choices/options)

Large pumps have clear unit cost advantages over smaller pumps. However,
the latter offer the advantage of standardised planning and approval proce-
dures, and are more flexible and more versatile in use and application.

What functions and time periods must the heat storage facility cover and
how will it be constructed (e.g. tank, underground basin, aquifer, borehole,
pit water)?

Which locations are suitable for the installation of large-scale heat pumps or
offer the best conditions? Do building rights and land ownership still need to
be acquired?

Is an electrcity network connection available and powerful enough? Is it
possible to obtain green electricity from renewable energy sources locally
or via a direct line?

What regulations apply to the project? Which approval authorities are re-
sponsible? Which expert opinions are required? How can the approval proce-
dure be speeded up? Is an early start to construction necessary or advisable
in order to meet deadlines and climate protection targets?

What is the total investment requirement? What heat production costs result
on the basis of different scenarios for the development of the electricity
procurement costs and O&M expenses?

What adjustments are necessary to the price formulas and supply conditions
in the district heating supply contracts (e.g. indices for linking to electricity
procurement costs)? What effects does the project have on future district
heating prices (also in comparison to other alternatives, such as e.g. business
as usual or green hydrogen)?

How high is the potential profitability shortfall that may need to be closed
with the help of subsidies (CAPEX and/or OPEX subsidies under the BEW or
KWKG grant via iKWK tenders)?

Is the involvement or commissioning of a construction project manager or a
general contractor possible and sensible (depending on the complexity and
size of the project)?

Does the contract value exceed the threshold for EU tenders?

Does the tender outcome meet expectations?

What adjustments result from the outcome of the tendering for the detailed
planning for the construction work?

What effects do longer approval procedures and delivery times or staff short-
ages have on project implementation?
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