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a b s t r a c t

The integration of renewable heat sources in the electricity grid represents a challenge in the energy
system due to their stochastic production character. Besides, the rural district heating sector in Austria is
confronted with a large number of biomass boilers reaching the end of their lifetime and thus operating
unprofitably. In this context, heat pumps have a decisive role in supporting both networks and providing
flexibility. However, their implementation is not yet extended in Austria. This paper shows the potential
of heat pump utilization in several concrete use cases. Results determine that heat pumps can be active
players in the Austrian electricity market. Energy costs can be saved by taking advantage of low prices in
the day-ahead market and additional revenues can be earned in the balancing market. Offering negative
balancing energy for the automatic frequency restoration reserve (aFRR) presents a potentially inter-
esting business case since it provides a considerable reduction in the heat generation costs. Considering
the complexity and uncertainty of the future market development, awareness on the most influencing
factors gains great relevance. Results show that fluctuations in the biomass price and call probabilities
can affect the heat pump profitability.

© 2019 Published by Elsevier Ltd.
1. Introduction

According to the Austrian renewable action plan, 71% of the
electricity demand and 33% of the heat consumption must be
covered with renewable sources by 2020 [1]. The actions taken to
achieve this goal are imposing several challenges in the energy
system.

On the one hand, the massive development of renewable power
generation has led to a total installed capacity of around 4.080 MW
of wind and solar photovoltaic power in the year 2018 [2]. The
stochastic production characteristics of these systems can impact
negatively on the operation of the electricity network, leading to
unstable operation, high power swings and unacceptable voltage
fluctuations at certain nodes [3]. Therefore, suitable flexibility op-
tions for balancing through the electricity markets and redispatch
are required.

On the other hand, district heating (DH) networks, which play
s).
an important role in the transition towards future sustainable en-
ergy systems [4], contribute to space heating and domestic hot
water preparation with over 15 TWh heat supplied for around 26%
of the buildings in Austria in 2017 [5]. Except some large networks
in urban areas such as Vienna, Graz or Linz, most of them are small
biomass-based rural DH networks, mainly built between 1990s and
early 2000s [6]. According to Ref. [7], the number of biomass plants
with a nominal capacity above 1 MW amounts to 900, which cor-
responds to a total capacity installed of 2.600 MW. Many of these
biomass plants (around 900 MW) were installed 15e20 years ago
[8]. Therefore, the DH sector in Austria deals with many small and
medium size biomass plants reaching the end of the technical
lifetime and operating with lower efficiency compared to modern
heat plants. This often results in increased costs and unprofitable
operation. Additionally, rural DH networks are facing changing
market conditions, such as variable energy prices and decreasing
heat demand, which leads to uncertain future perspectives.

In this context, power-to-heat technologies, namely heat
pumps, are a key solution. Having heat pumps as part of the heat
production portfolio presents several advantages since they
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support both electricity and DH networks providing flexibility [9].
The integration of heat pumps in DH networks provides several

benefits [10]. They enable the usage of alternative energy sources
such as sewage water, industrial waste heat, geothermal heat or
flue gas [11]. Besides, heat pumps have the potential to reduce the
network temperature and increase heat transport capacities by
using the return line as a source for instance Ref. [12]. In biomass-
based DH networks, they can improve the overall efficiency of the
heat plants by utilizing the flue gas as a source. Moreover, they
enhance the environmental benefits of district heating by reducing
significantly the CO2 emissions [13].

Heat pumps offer multiple benefits for the electricity grids as
well by providing ancillary services to the power grid. Voltage
control [14,15], congestion management [16], reduction of peaks
[17,18] and provision of operating reserve [19e22] contribute to a
stable and cost-efficient operation of the grid [23].

In Austria the two main electricity market places are the Energy
Exchange Austria (EXAA) for day-ahead and the European Power
Exchange (EPEX Spot), which is part of the European Energy Ex-
change (EEX), for trading both day-ahead and intraday. In the spot
market, electricity is traded short-term, meaning for the same day
(intraday) or the next day (day-ahead). The trade can be either
over-the-counter or on an electricity exchange. The balancing
market considers three products: frequency containment reserve
(FCR), automatic frequency restoration reserve (aFRR) and manual
frequency restoration reserve (mFRR). The Austrian Power Grid
(APG) is the control area manager and thus responsible for
acquiring the balancing energy in Austria. In order to participate in
the balancing market, each supplier must fulfil technical and
organizational requirements (Table 1) and prove them in a so-
called prequalification process.

1.1. Literature review

The participation of heat pumps in the balancing market has
been investigated in several scientific publications, most of them
focusing on flexibility forecast, load shifting, bidding strategies and
control concepts mainly for residential heat pumps. Comparing
different studies to find solid conclusions regarding the market
attractiveness and the bidding strategy becomes challenging due to
the different models, pricing schemes and assumptions imple-
mented. Fischer et al. [25] develop several business models based
on the flexibility of residential heat pumps in a smart grid context
in Germany. According to the results, when operating in the
balancing market, FCR yields the highest revenues (30e55
V/KWheat pump/a) followed by negative and positive aFRR (10e50
V/KWheat pump/a). Purchasing electricity at the spot market shows a
Table 1
Overview of the prequalification requirements in the Austrian balancing market [24].

FCR

Reaction time a few seconds
Time to full

power
30 s

Call time 30 min
Product length 1 week
Control signal

from APG
decentralized cen

Variability in
called amount

yes

Minimum pool
size

±1 MW þ/� 5

Pooling yes
Participation of

power-to-
heat plants

Large modulating power-to-heat units.Large
pool required to compensate the short-term

variability.

Modulating power-t
compensate the shor
lower revenue potential (5e20 V/KWheat pump/a), although
compared to the participation in the balancing market, it implies
lower risks, less technical requirements and a lower market
complexity. Schlüter et al. [26] present a market analysis for short-
term flexibility options offered by residential heat pumps in Ger-
many. According to the economic assessment, the revenue poten-
tial for the provision of mFRR amounts up to 1.250 V/a. Biegel et al.
[27] perform an operational optimization of a portfolio of resi-
dential heat pumps in Denmark. The study shows that the savings
amount up to 18% when considering spot day-ahead and intraday,
and increase up to 20% (500 DKK/a) when including the balancing
market. Romero Rodriguez et al. [28] study the techno-economic
feasibility of utilizing heat pumps in households to provide po-
wer for FRR in Germany. The research shows that the heat pump
pool cannot reduce the overall electricity costs, mainly due to the
constrained flexibility imposed by the minimum running time of
the heat pumps. Some studies focus exclusively on the heat pump
operation under time variable prices on the day-ahead and intraday
market. Schibuola et al. [29] develop three heat pump control
strategies which operate based on electricity costs. The analyzed
approaches ensure economic savings up to 30%. Meesenburg et al.
[30] present an exergoeconomic analysis to assess the impact of
providing demand flexibility as ancillary services by a heat pump
system located in a DH island in Denmark. It is found out that the
provision of flexibility increases the overall cost of the system, ac-
counting for 12% of the total costs.

Although heat pumps are already available in the market, only a
few examples are implemented in Austria, which so far do not
consider trading in the balancing market [31]. However, in the last
years heat pumps have gained importance within the context of
power-to-heat and flexibility measures. There are several aggre-
gators in Austria already offering pooling solutions: A1 Energy
Solutions, which include heat pumps in the pooling portfolio [32],
and Next Kraftwerke [33]. The national project IWPP-Flex [34]
concludes that residential heat pump pooling concepts provide a
significant cost reduction, as well as additional income in the
balancingmarket. The optimal management of a heat pump system
in an apartment building results in an annual saving up to 34% for a
single-family house.

1.2. Contribution of the present study

This paper presents a techno-economic assessment of electricity
market options for heat pumps in rural DH networks in Austria. It
evaluates the feasibility of representative use cases by investigating
the synergies between the DH networks and the electricity market.
Given the limited examples available in Austria, this paper aims at
aFRR mFRR

a few seconds 12 min
5 min 12 min

4 h 4 h
4 h, daily 4 h, daily

tralized on request centralized on request

yes no

MW (in 1 MW steps) þ/� 5 MW (in 1 MW steps)

yes yes
o-heat units or large pool required to
t-term variability and make long call
times possible.

Large pool necessary to make long call
times possible (when participating as a

pure power-to-heat pool).
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extending the already existing literature on flexibility concepts for
heat pumps, with focus on the DH sector. The results can contribute
to the definition of business models which would support the
integration of heat pumps in rural district heating networks in
Austria.

Section 2 presents the methodology used for the definition of
the use cases, the scenarios and the optimizationmodel. The results
of the techno-economic assessment are discussed in section 3 and
the conclusions are given in section 4.

2. Methodology

Themethodology followed for the techno-economic assessment
is shown in Fig. 1. Initially, several concepts are defined considering
ENGIE GmbH’s business segment of thermal networks, as well as the
measurement data available (section 2.1). In a second step, several
uses cases are determined for each concept in the design module
(sections 2.2 and 2.3). In a third step, state-of-the-art and future
scenarios are created based on the assumption and forecast of fuel
prices, electricity prices and call probabilities (section 2.4). In a
fourth step, the use cases are simulated under current and future
boundary conditions by means of an operational optimization
model (section 2.5). Lastly, an assessment of the simulation results
is done in the techno-economic module (section 3).

2.1. Concept development

Three concepts are defined based on ENGIE GmbH’s portfolio of
thermal networks (Table 2): concept A (DH network), concept B
(local heating network) and concept C (large customer). The con-
cepts are parametrized in terms of number of customers, annual
heat demand, supply and return temperatures, capacity installed
and type of producers.

2.2. Design module: Use cases

Several use cases are determined for each concept based on a
literature review about typical DH networks in Austria. The aim is
Fig. 1. Methodolo

Table 2
Overview of the concepts.

Concept A:
DH network

Customer 200 households 50 cottages
Annual heat demand 6,5 GWh
Average supply/return temperature 78 �C/46 �C
Biomass boiler capacity Boiler 1: 2,4 MW

Boiler 2: 0,8 MW
(alternate operation)

Flue gas condensation 300 kW
Thermal storage 100 m3
to create representative use cases which enable the development of
generalizable and highly replicable solutions. The use cases are
defined by combining parameters for the following system com-
ponents (Table 3): heating network (demand type, summer season
and building typology), heat pump (thermal capacity, heat source)
and electricity market (market type, merit order position).
2.3. Heat pump integration

Two different integration options are proposed depending on
the source used for the compression heat pumps.

In the first option, the flue gas from the biomass boiler is used as
a source (Fig. 2). A study is conducted to assess the optimal heat
pump size and integration scheme (refer to Ref. [35] for further
details). The heat recovery process occurs in two stages. The flue
gas exits the boiler at a temperature TFG_in (Table 4). The boilers are
connected to a gas condenser, in which the flue gas is cooled down
by the return line of the thermal network and partially condensed
at the first stage (TFG_out, Table 4). This results in a slight increase of
the return temperature which allows to operate the biomass boiler
with a lower load. The sensible and latent heat is recovered by an
additional heat exchanger in a second stage and transferred to the
evaporator (Teva_in, Table 4). This additional heat exchanger is rec-
ommended to uncouple the network from the evaporator’s entry
and ensure a stable operation for the heat pump [36,37]. The
regulation of the mass flow mitigates the negative effects that
abrupt fluctuations in the boiler load could cause on the flue gas
temperature or mass flow, and consequently on the evaporator’s
inlet temperature. The stream of liquid refrigerant is evaporated at
low pressure by the evaporator. The refrigerant vapor is then
compressed, leading to a temperature increase. This compressed
refrigerant stream is condensed at high pressure and thus at high
temperature. The resulting heat is transferred at temperature
Tcon_out (Table 4) to the water contained in the lower half of the
storage (55e60 �C). This configuration avoids sharp temperature
differentials between the source and the sink of the heat pump.

In the second variation (Fig. 3), the sewage water serves as a
source for the heat pump. The heat from the sewage water at
gy flowchart.

Concept B:
Local heating network

Concept C:
Large customer

, a manor, several administration buildings Hotel facility with a spa area
1,5 GWh 2,2 GWh

68 �C/46 �C 75 �C/48 �C
Boiler 1: 0,5 MW
Boiler 2: 0,5 MW

(alternate operation)

Boiler 1: 0,5 MW

Not available Not available
30 m3 16,5 m3



Table 3
Overview of the use cases.

Concept Use
case a

Heating network Heat pump Electricity market

Demand type Summer season Building typology Thermal capacity Source Market options b Merit order position c

DH
network

Local
heating
network

Large
customer

Operating
in

summer

Shut
down in
summer

Residential Non-
residential

Small
(102kWth)

Large
(224
kWth)

Large
(204
kWth)

Flue
gas

Sewage
water

Day-
ahead
market

Flat
tariff

Balancing
market
(aFRR)

Balancing
market
(mFRR)

Low
revenues-
high call
prob.

Med.
Revenues-
med.call
prob.

High
revenues-
low call
prob.

A A-
baseline

✓ ✓ ✓ no heat pump installed in A-baseline

A1 ✓ ✓ ✓

A2 ✓

A3 ✓ ✓ ✓

A4 ✓ ✓ ✓

A5 ✓ ✓ ✓

A6 ✓ ✓ ✓

A7 ✓ ✓ ✓

B B-
baseline

✓ ✓ ✓ no heat pump installed in B-baseline

B1-FG ✓ ✓ ✓

B2-FG ✓

B3-FG ✓ ✓ ✓

B4-FG ✓ ✓ ✓

B5-FG ✓ ✓ ✓

B6-FG ✓ ✓ ✓

B7-FG ✓ ✓ ✓

B1.1-
SW

✓ ✓ ✓ ✓ ✓ ✓

B2.1-
SW

✓

B3.1-
SW

✓ ✓ ✓

B4.1-
SW

✓ ✓ ✓

B5.1-
SW

✓ ✓ ✓

B6.1-
SW

✓ ✓ ✓

B7.1-
SW

✓ ✓ ✓

B1.2-
SW

✓ ✓ ✓ ✓ ✓ ✓

B2.2-
SW

✓

B3.2-
SW

✓ ✓ ✓

B4.2-
SW

✓ ✓ ✓

B5.2-
SW

✓ ✓ ✓

B6.2-
SW

✓ ✓ ✓

B7.2-
SW

✓ ✓ ✓
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temperature TSW is recovered by the heat exchanger and supplied
to the evaporator (Teva_in, Table 4). This heat is then transferred to
the condenser and afterwards to the return line of the heating
network (Tcon_out, Table 4). A bypass is installed in order to regulate
the mass flow into the heat pump.
2.4. Definition of state-of-the-art and future scenarios

The framework of the state-of-the-art scenarios is defined by
the following biomass prices, electricity prices and call
probabilities.

� Biomass price: it is assumed to be 24,9 V/MWhproduced.
� Electricity prices and call probabilities: Price forecasting is a
complex issue due to the nonlinear, nonstationary and time
variant behavior of electricity prices. In order to simplify it,
historical data is used to create a “perfect forecast”model, which
represents a trade-off between the robustness of the optimiza-
tion solution and the model complexity. It is assumed that the
aggregator has a perfect prognosis of the prices and call prob-
abilities in the balancing markets. In reality, the aggregator
would also carry out such forecasts but would typically lower
the revenues due to the existing uncertainties; therefore, the
approach followed only considers the “best case” scenario. The
parametrization of the balancing market, shown in Table 5, is
based on the energy prices, power prices and market calls
published by APG [38,39].

The future scenarios are set up based on the variation of elec-
tricity and biomass prices, as well as call probabilities. Forecasting
the future development of the mentioned variables implies a great
complexity and uncertainty due to their stochastic character.
Therefore, the degree of variability assigned to them is determined
based on the historical electricity prices and market calls published
by APG [39], and historical biomass prices published by
€Osterreichischer Biomasse-Verband [40] between 2012 and 2018.
In addition, a review on several publications including a prognosis
for biomass prices is also considered [41]. This approach leads to
the following assumptions:

� Biomass price variation: ±10% of the state-of-the-art biomass
price.

� Electricity prices variation in the day-ahead market: ±25% of the
state-of-the-art prices.

� Electricity prices variation in aFRR: ±20V over the state-of-the-
art prices.

� Call probability in aFRR (low position in the merit order): 25%
and �50% of the state-of-the-art call probabilities.
2.5. Simulation module: Optimization model

The use cases are simulated by an operational optimization
model implemented in Python. The model is based on the mixed
integer linear programming (MILP)method. TheMILP is suitable for
solving unit commitment problems due to its flexibility in
addressing the tradeoffs between the system accuracy and the
robustness of the optimization method, especially in the absence of
uncertainty (in demand or energy prices for example)[42,43].

The model provides the cost optimal operation strategy for the
components in the energy system. These components, which
include the biomass boilers, storages and heat pumps, are imported
into the model in the form of unit specific data. The input data for
the biomass boilers and heat pumps consider the nominal capacity,



Fig. 2. Heat pump integration scheme (flue gas as a source).

Table 4
Technical specifications of heat pumps and sources in concepts A, B and C.

Parameter Unit Concept A Concept
B

Concept C

Heat pump source e Flue -gas Flue -gas Sewage water Flue -gas
Heat pump capacity kWth 224 102 102 and 204 102
Heat pump COP e 5,4 5,1 3,8 5,1
Refrigerant e R1234ze R1234ze R134a R1234ze
Evaporator inlet average temperature (Tevap_in) �C 47 46 20 49
Evaporator outlet average temperature (Tevap_out) �C 40 40 17 39
Condenser inlet average temperature (Tcond_in) �C 60 55 46 60
Condenser outlet average temperature (Tcond_out) �C 78 70 61 75
Average flue gas temperature before condenser (TFG_in) �C 130 150 e 140
Average flue gas temperature after condenser (TFG_out) �C 48 47 e 50
Average flue gas temperature after heat exchanger (TFG_HE_out) �C 41 41 e 40
Average sewage water temperature (TSW) �C e e 20 e

Fig. 3. Heat pump integration scheme (sewage water as a source).

O. Terreros et al. / Energy 196 (2020) 1168756
efficiency, minimum partial load operation, ramp-up rate, opera-
tion costs and fuel costs. The storage parametrization is based on
the capacity, thermal loss factor and the minimum stage-of-charge.
The electricity market is parametrized based on energy prices,
power prices and call probabilities. Note that for the concepts A and
B, which contain two identical biomass boilers operating alter-
nately, the heat plant is modeled as a single unit.

Due to the linearity of the model, the non-lineal character of
some system properties is simplified, such as the efficiency and
load relationship for power plants. This procedure establishes the
necessary compromise between an acceptable computational time
and a robust solution. The binary feature of theMILPmethod allows
the scheduling of the components in the system. Therefore, the
implementation of binary variables defines the on/off operation of
heat plants, as well as the control strategy of storages.

The model is formulated as a set of linear algebraic equations
which represent the interaction between components and rule the
energy flowbetween them, as well as the operation behavior. These



Table 5
Average electricity prices and call probabilities (2017).
(*) average energy prices (since the merit order is not available).

Market Energy price (V/MWh) Call probability (%) Power price (V/MWh/h)

Pos Neg Pos Neg Pos Neg

aFRR Low 55 �9 77 87 2 3
Medium 622 147 2 5 2 3
High 4.446 3.271 0,3 0,8 2 3

mFRR Low 127 102 2 2 3 2
Medium (*) 913 (*) 497 0,1 0,5 3 2

Day-ahead Spot (Epex) 34 e e

Flat Tariff 67 e e
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equations include decision variables defining the fuel consumption,
the heat generation and the storage load among others. The solu-
tion of the decision variables is determined by the solver according
to the data signals (e.g. time series of heat demand, cost parameters
and component specific operation boundaries). The objective
function to be minimized is formulated as a summation of the
product between cost parameters and decision variables:

General formulation of the objective function

min
Xn

t ¼1

cj$xj (1)

xj: decision variable x.
cj: cost parameter corresponding to a decision variable xj.
t : time period (t = 1,2, …n).

The objective function represents the minimized system oper-
ation cost over a period of one year, representing the operational
cost of the heat suppliers. More specifically, the objective function
is represented as follows:

Formulation of the objective function

min:operationalcosts¼1
4

Xn

t¼1

ðð
Xn

i¼1

costheatÞþcostgridþcostda

�revenuesÞ
(2)

t : number of 15 min-base optimization time slots (t ¼ 1,2, …,n)
i : number of heat suppliers (i ¼ 1,2, …,n)
costheat: heat generation costs [V]
costgrid: variable grid costs [V]
costda: costs of the electricity bought in the day-ahead market
[V]
revenues: revenues obtained from the trading in the balancing
market [V]

*Factor 4 refers to the 4 h product size.
The system constraints can be represented with the following

generalized linear model:
System constraints

Xn

j¼1

aij$xj¼bi ði¼1;2;…;mÞ

xj�0 ðj¼1;2;…;nÞ xj :binary ðfor somej¼1;2;…;nÞ
(3)
aij: multiplication coefficient of a decision variable xj.

The equation applies to all linear constraints, generating a space
of feasible solutions for the decision variables. This solution space
guides the objective function finding the optimal outcome.

Considering the limitations related to the computational ca-
pacity, the optimization problem, which is solved for a whole year,
is split into smaller optimization problems. The optimization is
performed over 2 days (on a 15 min time-base) and run recursively
through the year, in order to optimize the operation of the storage
and ensure its availability. Only the solution for the first 24 h is
stored and the continuity of the solution is ensured by using the
final values of the optimization for day i-1 as the initial values of the
optimization for day i.

3. Results and discussion

The simulation results (Table 7) are techno-economically
assessed for each use case described in Table 3. Section 3.1 de-
scribes the optimal operation strategy for the biomass boiler, heat
pump and storage, as well as the optimal bidding strategy for the
heat pump. Section 3.2 presents the feasibility assessment carried
out for the use cases with the highest cost reduction potential. The
results are discussed in section 3.3.

3.1. Optimal operation and bidding strategy

The overall operation of the heat plants is influenced by the
source of the heat pump. As described in section 2.3, two different
sources are considered: flue gas and sewage water. They require a
different hydraulic integration for the heat pump, which affects its
interaction with the biomass boiler.

On the one hand, when the flue gas is considered as a source, the
operation of the heat pump and the biomass boiler is interdepen-
dent. If the electricity prices are interesting, the heat pump always
contributes to the heat generation, which requires the operation of
the biomass boiler as well. In this case the biomass boiler runs
driven by the electricity market.

In those periods with low heat demand and attractive electricity
prices, meaning cheap prices in the spot day-ahead market and
high revenues in the balancing market, the excess heat generated is
charged into the thermal storage. It increases the flexibility of the
network and it is used frequently to satisfy the heat demand when
neither the biomass boiler nor the heat pump is operating due to
high electricity costs.

As an example, Fig. 4 shows the operation of the biomass boiler,
heat pump and storage during one week in winter for the use case
B3-FG (described in Table 3), which can be generalized to all those
use cases with flue gas. The optimization model chooses to run the
biomass boiler and the heat pump simultaneously, in order to take
advantage of the efficiency increase in the biomass plant. The



Fig. 4. Optimal operation of the biomass boiler, heat plant and storage for 1 week (time step: 15 min).Use case: B3-FG.

Fig. 5. Electricity prices in the day-ahead market and balancing market (1 week in winter, 2017).

Fig. 6. Optimal bidding strategy for the heat pump (1 week). Use case: B3.1-SW.

Fig. 7. Optimal operation of the biomass boiler, heat plant and storage for 1 week (time step: 15 min).Use case: B3.1-SW.
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operation of the heat pump in combination with flue gas conden-
sation can provide an efficiency increase up to 16%.

Fig. 5 represents the variation of the electricity prices for the
sameweek in the spot day-aheadmarket and the balancingmarket,
including balancing power and energy (both positive and negative).
When the electricity prices in the spot day-ahead market increase,
the heat pump does not operate. Since the system cannot benefit
from the efficiency increase provided by the heat pump, running
the biomass boiler becomes unattractive, which forces the
discharge of the storage if it is available. On the contrary, when the



Fig. 8. Optimal bidding strategy for the heat pump (1 week, time step: 15 min). Use case: B3.1-SW.
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prices in the spot day-ahead market decrease, the heat pump be-
comes the cheapest heat supplier, charging the storage if the heat
demand is already covered.

The optimal bidding strategy for the heat pump consists of
buying 50% of the energy in the spot day-aheadmarket and offering
50% of the capacity for negative balancing energy for aFRR (Fig. 6).
This means that the heat pump runs at 50% of its capacity, which
corresponds to the minimum load, and increases the capacity to its
maximum value if there is a market call. Due to the high call
Fig. 9. Variation in the annual heat generation costs for the
probabilities (77% for positive and 87% for negative balancing en-
ergy in average) it is frequent to supply additional heat for very low
prices or even get paid for consuming the energy by the balancing
market.

On the other hand, when the sewage water is considered as a
source for the heat pump, the operation of the heat pump and the
biomass boiler is not coupled as in the previous case. Fig. 7 shows
the heat supplied by the heat plants and the storage in the use case
B3.1-SW for 1 week. The result is extensible to all use cases with
use cases with flue gas as a source for the heat pump.



Fig. 10. Variation in the annual heat generation costs for the use cases with sewage water as a source for the heat pump.
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sewage water. The heat pump runs as a base load since it is the
cheapest heat supplier and if needed, the biomass boiler covers the
remaining heat demand. Therefore, the biomass boiler runs mostly
driven by the heat requirements in the network. The storage pro-
vides flexibility to the system, but it is used less frequently due to
the detached operation of the heat pump and the biomass boiler.

As it occurs for the use cases with flue gas, the optimal bidding
strategy recommends buying 50% of the energy in the spot day-
ahead market and offering 50% of the capacity for negative
balancing energy for aFRR (Fig. 8). Therefore, the heat pump runs at
50% of its capacity, which corresponds to the minimum load, and
Table 6
Investment costs, O&M costs and subsidies for the network components in the use case

Network unit Costs & Subsidies Use case A3

Biomass boiler Investment1 500.000V (2,4 M
200.000V (0,8 M

Operation & Maintenance2

Subsidies3

Storage Investment1 85.000V
Operation & Maintenance2

Subsidies3

Heat pump Investment4

Operation & Maintenance2

Subsidies3

Flue gas condenser Investment4 81.000
Operation & Maintenance2 1%
Subsidies3 30%

Sewage water heat exchanger Investment1 e

Operation & Maintenance2 e

Subsidies3 e

(1) Source: requested offers
(2) Assumption
(3) Subsidies from the Austrian government [44].
(4) Source [45].
increases the capacity to its maximumvalue if there is amarket call.
The heat pump takes advantage of the possibility to supply heat at
very low cost or even get paid for consuming the energy by the
balancing market.
3.2. Feasibility assessment

An economic assessment of the simulation results is carried out
in order to evaluate the feasibility of the use cases.

Initially, the annual heat generation costs are calculated for all
use cases, in order to evaluate the cost saving potential associated
s A, B and C.

Use case B3-FG Use case
B3.1-SW

Use case B3.2-SW Use case C3

W)
W)

120.000V 120.000V

2%
30%
29.000V 16.500V

1%
20%

360V/kWth

2%
20%

36.720 e e 36.720
1% 1%
30% 30%
e 750V/kW e

e 1% e

e 30% e



Fig. 11. Variation of LCOE (%), payback period (years) and NPV (%) for the use cases A3, B3-FG, B3.1-SW, B3.2-SW and C3 in respect of the baseline.

Fig. 12. Variation of heat generation costs under future conditions compared to the
state-of-the-art scenario (2017). Use case: B3.1-SW.
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to the heat pump operation (the investment costs are excluded).
According to the results, an optimization of the operation of the
biomass boilers, the heat pump and the thermal storage allows an
efficient energymanagement which leads to a reduction of the heat
generation costs. This is due, on the one hand, to the reduction of
the full-load operational hours of the biomass boilers, which de-
creases the biomass expenditure, and therefore the operational
costs associated to the boilers. On the other hand, an optimized
heat pump operation ensures the reduction of the overall electricity
costs. Energy costs can be saved by scheduling the heat pump
operation according to the lowest energy prices in the day-ahead
market. Additionally, heat pumps can profit from the increase of
revenues and reduction of grid costs provided by the participation
in the balancing market.

The variation in the annual heat generation costs for those use
cases with flue gas as a source for the heat pump is presented in
Fig. 9. The maximum reduction potential for concept A, B and C
amounts up to 5,7%,16,7% and 17,7% respectively. These reduction is
achieved by participating in the day-aheadmarket and aFRR, which
corresponds to the use cases A3, B3-FG and C3, which consider a
low position in the merit order, with low prices and a high prob-
ability to be called (Table 3). Therefore, the heat pump offers
negative balancing energy frequently, which leads to revenues and
a reduction in the grid costs. All the uses cases except A1 bring
considerable savings in the heat generation costs compared to the
baseline, where no heat pump is installed. Additionally, the utili-
zation of flue gas from the biomass boiler as a source for the heat
pump couples the operation of both heat plants, as mentioned in
section 3.1. Consequently, using the heat pump improves the
overall efficiency of the biomass boiler, leading to a higher profit-
ability in the system.
Fig. 10 shows the variation in the annual heat generation costs
for the use cases which consider sewage water as a source for the
heat pump. The reduction amounts up to 15,8% for the use cases
with the smallest heat pump (102 kWth) and 27,5% for the use cases
with the biggest heat pump (204 kWth). The highest savings are
achieved by the use cases B3.1-SW and B3.2-SW, where once more
the bidding strategy considers the participation in the day-ahead
market and aFRR, assuming a low position in the merit order
with low prices and a high probability to be called. The cost saving
potential is higher in comparisonwith the use cases with flue gas as
a source. This tendency can be explained by the fact that the
operation of the heat pump and the biomass boiler is not coupled,
since an external source (sewage water) is introduced in the sys-
tem. Therefore, the heat pump operates for longer periods, which
results in a stronger reduction of the full-load operational hours of
the biomass boilers and consequently, of the biomass consumption.
Besides, the heat pump has a higher flexibility to participate in the
balancing market more frequently, increasing the revenues, as well
as the grid cost savings.

A feasibility assessment is carried out for those use cases which
present the highest cost reduction potential. For this purpose, the
levelized cost of energy (LCOE), the net present value (NPV) and the
payback period are determined, based on the investment costs,
operation and maintenance costs, as well as the subsidies pre-
sented in Table 6 for the different network components. No pipping
costs are included, since it is assumed that the grid is already built.

Apart from the investment costs related to the thermal network,
the following electricity costs have also been considered:

� Community levy: it has to be paid in some areas and it is
determined by the municipality. In Vienna it represents the 6%
of the grid and energy costs [46].

� Grid costs: power price per year of 58069 V/MW and grid costs
per connection of 696 V/year (both are Austrian average values
for grid level 7 in 2017).

� Balancing market revenues share between the aggregator and
the heat pump (70%).

Fig. 11 presents the variation of the LCOE, NPV and payback
period of the use cases A3, B3-FG, B3.1-SW, B3.2-SW and C3 with
respect to their corresponding baseline use case. The results show
that the use cases with flue gas as source for the heat pump (A3, B3-
FG and C3) present a better profitability than the use cases with
sewage water (B3.1-SW and B3.2-SW) due to the lower investment
costs incurred. The LCOE decreases by 2,9% for A3, 2,6% for B3-FG
and 6,7% for C3, due to the reduction of the biomass expenditure
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and electricity costs, while it increases by 0.2% for B3.1-SW and 3%
for B3.2-SW. According to the results, the NPV has a positive value
for all use cases, which shows that the earnings exceed the costs,
resulting in a profitable investment. However, except for the use
case A3, its value decreases in comparison to the baseline. The
implementation of a heat pump does not seem to influence the
payback period in a considerable way, with the exception of the use
case B3.2-SW, where it increases by 3 years. This is explained by the
higher investment costs associated to the heat pump and the
sewage water heat exchanger with the highest capacities.

A sensitivity analysis is carried out to evaluate how future sce-
narios could affect the results. An exemplary use case (B3.1-SW) is
simulated under future conditions (described in section 2.4). Fig. 12
shows how the heat generation costs evolve after implementing a
heat pump in the state-of-the-art scenario (column 2017) and
future scenarios (remaining columns). According to the results,
fluctuations in the biomass price and call probabilities can influ-
ence the heat pump profitability. The most favorable scenario for
the heat pump occurs when the biomass prices increase by 10%,
since the heat pump enables a decrease in the heat generation costs
of around 6,2%. On the contrary, a strong reduction in the call
probability of 50% leads to a significant increase of the heat gen-
eration costs by 5,2%. These trends can be generalized to all use
cases defined in Table 3.
4. Discussion

Heat pumps are not yet an established technology in the rural
district heating sector in Austria. One of the biggest barriers for the
market diffusion of heat pumps is the economic feasibility of these
applications and the lack of awareness of the technical possibilities.

The investment costs of heat pumps are significantly higher
compared to conventional heat generators like biomass boilers
(Table 6). Additionally, biomass boilers benefit from higher sub-
sidies, which decrease the competitiveness of heat pumps. The
operators of rural district heating networks are familiar with the
biomass technology and have reliable partners and manufacturers
in the sector since years. Only a few heat pump examples are
implemented, which so far do not participate in the balancing
market, and thus operators lack experience in the area. Moreover,
the addition of the electricity domain requires further know-how
about technical, economic and regulatory aspects.

According to the results, heat pumps are an interesting option
for retrofitting old biomass-based district heating networks, espe-
cially in combination with flue gas condensation. The operation
strategy described in section 3.1 provides a reduction of the heat
generation costs up to 5,7% (A3), 16,7% (B3-FG) and 17,7% (C3) for
the use cases with flue gas, and up to 15,8% (B3.1-SW) and 27,5%
(B3.2-SW) for the use cases with sewage water. According to the
feasibility assessment, the use cases with flue gas are found to be
the most profitable, since they reduce the LCOE by 2,9% for A3, 2,6%
for B3-FG and 6,7% for C3, while maintaining a positive NPV and
increasing the payback period in only one year.

Services such as participation in the balancing market can
generate additional income. The simulation results show that of-
fering negative balancing energy for aFRR provides the highest
revenues, which range from 25 V/kWel/a to 49V/kWel/a. These
results confirm the findings of previous studies on heat pump
flexibility [25,26]. It has to be noted, that in order to simplify the
nonlinear and time variant behavior of electricity prices, a perfect
forecast model has been used based on historical data. In reality, the
prediction of prices and call probabilities would lower the revenues
due to the existing uncertainties.

At current investment and energy costs, the economic results
are positive but might not be considered high enough by some
operators when evaluating the risks associated with the imple-
mentation of a new technology in the DH networks. In order to
counteract the high investment costs of upgrading the network,
alternative financing models such as contracting could be further
analyzed. It has to be noted that heat pumps bring additional
benefits that may shift the economic balance in their favor
compared to traditional heat generators. In particular, the utiliza-
tion of alternative energy sources (e.g. sewage water, industrial
waste heat, flue gas) and the possibility to couple the heat and
electricity sectors are key drivers for the implementation of heat
pumps in rural DH networks.
5. Conclusions

This paper shows the potential of heat pump utilization in rural
district heating networks in Austria. Several representative use
cases are defined by combining different heat network typologies,
heat pump sources, heat pump capacities and electricity markets.

The optimal bidding strategy for the heat pump consists of
buying 50% of the energy in the spot day-aheadmarket and offering
50% of the capacity for negative balancing energy for aFRR. The
optimal operation strategy leads to a reduction in the heat gener-
ation costs up to 17,7% for the use cases with flue gas as a source for
the heat pump, and up to 27,5% for the use cases with sewagewater.
According to the feasibility assessment, the use cases with flue gas
present the highest profitability, offering LCOE reductions up to
6,7%, with a positive NPV and an increase of only one year in the
payback period. According to the sensitivity analysis, the results are
mostly influenced by fluctuations in the biomass price and call
probabilities.

The main benefits of the technical concepts developed are an
increase of the profitability and flexibility of those heat networks
equipped with biomass boilers reaching the end of the technical
lifetime. The solutions provided are generalizable and highly
replicable for other DH networks in Austria with similar typologies.

The paper shows that heat pumps can be active players in the
Austrian district heating sector. In order to facilitate their integra-
tion, further work needs to be done, especially in the development
of demonstration projects and the definition of adequate business
models.
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Appendix 1. Simulation results
Table 7
Simulation output data

Concept Use case Thermal network Electricity grid

Full load operation
time biomass
boiler 1 [h]

Full load operation
time biomass
boiler 2 [h]

Heat
generation
cost boilers

Full-load operation time
heat pump (reserved
capacity included) (h)

Electricity costs
(day ahead or
flat tariff)
(V/year)

Grid costs
(V/year)

Balancing
revenues
(V/year)

A Flue gas A-baseline 2201 1263 156005 0 0 0 0
A1 1914 857 131128 4523 13362 12312 0
A2 1908 833 130685 4668 6661 12607 0
A3 1948 815 133469 5212 4220 9330 �127
A4 1907 816 130532 4802 6947 12757 792
A5 1907 823 130623 4824 6893 12695 1271
A6 1911 830 130783 4684 6714 12573 192
A7 1907 830 130599 4699 6744 12650 161

B Flue gas B-baseline 3272 0 45212 0 0 0 0
B1-FG 2521 0 31476 3681 5228 5457 0
B2-FG 2434 0 30542 4109 2472 5876 0
B3-FG 2507 0 31512 4550 1642 4491 3
B4-FG 2439 0 30561 4231 2558 5847 306
B5-FG 2441 0 30623 4290 2552 5843 506
B6-FG 2446 0 30656 4162 2465 5820 53
B7-FG 2430 0 30506 4206 2515 5893 48

B Sewage water (1) B-baseline 3272 0 45212 0 0 0 0
B1.1-SW 2521 0 31476 2742 5228 5854 0
B2.1-SW 1637 0 22524 8012 7115 12771 0
B3.1-SW 1832 0 25152 8730 4225 8494 �197
B4.1-SW 1635 0 22505 8445 7293 12765 839
B5.1-SW 1697 0 23354 8485 7021 12380 1292
B6.1-SW 1629 0 22443 8301 7251 12818 209
B7.1-SW 1626 0 22387 8235 7222 12841 157

B Sewage water (2) B-baseline 3272 0 45212 0 0 0 0
B1.2-SW 3267 0 44773 13 38 3839 0
B2.2-SW 643 0 8886 6443 10884 20728 0
B3.2-SW 783 0 10756 7569 7132 14601 �274
B4.2-SW 658 0 9086 7289 11181 20545 1469
B5.2-SW 747 0 10304 7521 10900 20040 2637
B6.2-SW 636 0 8783 6946 11111 20748 353
B7.2-SW 634 0 8769 6783 11023 20781 273

C Flue gas C-baseline 4432 0 61136 0 0 0 0
C1 3413 0 41938 4996 7097 6744 0
C2 3335 0 41230 5377 3543 7116 0
C3 3423 0 42510 5939 2355 5390 �44
C4 3334 0 41170 5569 3671 7118 378
C5 3344 0 41313 5635 3646 7076 639
C6 3350 0 41337 5447 3554 7046 89
C7 3338 0 41246 5465 3572 7102 76
Appendix 2. List of abbreviations
DH district heating
EXAA Energy Exchange Austria
EPEX Spot European Power Exchange
EEX European Energy Exchange
FCR frequency containment reserve
aFRR automatic frequency restoration reserve
mFRR manual frequency restoration reserve
APG Austrian power grid
MILP mixed integer linear programming
LCOE levelized cost of energy
NPV net present value
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