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ABSTRACT

Keywords

Large scale heat pumps (HP) are an important technology that will link district heating (DH)
systems to the electricity sector in future smart energy systems. This paper examines the
feasibility of the integration of a river water HP at a combined heat and power plant in Germany.
It is part of a more extensive study about the transformation of a DH system in an urban district
towards a 4™ generation DH system. The focus is on operational characteristics and economic
efficiency of electricity price-driven heat production. A novel method for estimating the
coefficient of performance (COP) of two-stage ammonia HPs based on the difference between
sink and source temperature is presented. The HP achieves a seasonal COP in the range of 3.4 to
3.7. The 15-year simulation with the software energyPRO shows that electricity-price driven
operation is especially relevant for lower heat loads during the non-heating season. The
correlation between volatility of electricity market price change and flexible operation is
analysed. Finally, the levelized cost of heat for four designs with heat outputs of the HP from 4.7
MW, to 6.1 MW, and increasing storage sizes are compared. The results indicate that electricity
costs are reduced in more flexible systems, but cost parity to the minimum dimensioning is not
yet reached with the underlying economic framework conditions. However, the parameters that
benefit the economic efficiency of more flexible systems are discussed.
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1 Introduction

The German district heating (DH) sector is currently
dominated by large heating networks with more than
100 km route lengths, that are primarily supplied by
combined heat and power (CHP) plants using fossil
fuels like natural gas and coal [1]. The transition of those
2nd or 31 generation networks towards 4™ generation
DH systems (4GDH) is inevitable for a sustainable and
renewable heating sector.

However, there are still challenges on the way to
smart thermal grids [2]. The first is the need for lower
network temperatures. Supply temperatures in the range

*Corresponding author - e-mail: solar@uni-kassel.de

of 65-70 °C are key to a cost-efficient operation of exist-
ing DH systems in the future [3]. Lund et al. [4] even
argue that in the medium to long term a supply tempera-
ture of 55 °C shows the lowest socioeconomic costs for
Denmark, when the replacement and adjustment of
building heating systems is considered.

Lower temperatures will lay the ground for large-
scale heat pumps (HPs) as an important technology to
link the electricity and heating sector in future smart
energy systems. In combination with thermal storages,
they provide a flexibility option for the electricity sector
required for the further integration of variable renewable
energies (VRE). [2,5] Taking Norway with its already
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Abbreviations

4GDH
a

4™ generation district heating
fit parameter [-]

HP heat pump

i time step index
in inlet

1 heat source

lift lift

market market

out outlet

t year

th thermal

AP assessment period [a]
b fit parameter [-]
c fit parameter [-]
C costs [€]
CC correlation coefficient [-]
CHP combined heat and power
COP coefficient of performance [-]
<, isobaric heat capacity [kWh/(kg-K)]
d fit parameter [-]
DH district heating
E, produced heat in year t [MWh]
EEG levy renewable energy levy
Lo fluctuation in electricity market price [€/MWh,_]
FLH full load hours [h/a]
HFC hydrofluorocarbons
HFO hydrofluoroolefins
HP heat pump
k€ thousand €
LCOH levelized cost of heat [€/MWh]
M€ million €
P, electric power input [kW]
PV photovoltaic
q specific heat [kJ/kg]
Q) use usable thermal energy [kWh]
Qh,m usable heat output [kW]
r discount rate [-]
R? coefficient of determination
R717 ammonia
RV residual values
SCOP seasonal coefficient of performance [-]
t year [a]
T temperature [K, °C]
v, volume flow [m3h]
VRE variable renewable energies
w work [kJ/kg]
Xl market electricity market price [€/MWh, ]
Greek symbols
AT temperature difference [K]
n efficiency [-]
P density [kg/m?3]
o standard deviation
Subscripts
0 evaporation
2nd second law of thermodynamics
c condensation
Carnot Carnot
el electric
g gas cooler
h heat sink
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highly electrified energy system as an example, Askeland
et al. [6] describe the role that the transition towards
4GDH systems can play for increasing efficiency of the
electricity system on the one hand and reducing the
required electric production capacity on the other.

In an analysis of the role of demand side flexibility
for the integration of VRE, Tveten et al. [7] conclude
that large commercial consumers like DH plants are
more likely to benefit economically from the provision
of flexibility for the electricity sector than private house-
holds. Moreover, distributed heat storages in DH net-
works might promote even more flexible operation of
DH plants, but Roberto et al. [8] have found that this is
merely relevant for systems with non-flexible heat
sources like solar heat or waste heat instead of flexible
operation units like HP and CHP.

Prina et al. [9] investigate a hybrid electric-thermal
solution for an alpine town in Northern Italy by coupling
photovoltaic (PV) systems with large HPs and thermal
storage in comparison to a renewable system with elec-
tric storage. The results indicate that the electric-thermal
solution is more cost efficient and should be combined
with a grid connection for further improvement.

Knies [10] proposes an integrated heat planning
approach for urban environments with high energy
demand that includes spatial restrictions, as those are
relevant for the interaction of the electricity and heating
sector. Local balancing can lead to reduced costs for the
electricity grid, especially in cities with a high number
of installed PV systems [11].

It has been laid out in previous studies, how the flex-
ible operation of HPs and CHP plants can balance sur-
pluses and deficits in the electricity grid [12—14]. In this
context, the software energyPRO [15] is used in multiple
studies for energy system analysis as it enables to simu-
late electricity price driven operation of DH systems in
combination with an economic evaluation.

Sneum and Sandberg [16] have analysed the eco-
nomic framework conditions that would incentivise
flexible DH in Finland, Norway, Sweden and Denmark.
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They conclude that current taxes and subsidies favour
heat production with biomass in CHP or boilers and that
a targeted reduction of electricity taxes for large electric
boilers is needed for increasing flexibility. Introducing
variable taxes for electricity is another approach to pro-
mote flexibility, that is pointed out by @stergaard and
Andersen [17] in a study about a generic danish DH
system supplied by a HP and an electric boiler. Their
results indicate that a completely flexible tax of 100 %
of the electricity spot market price would indeed incen-
tivise overcapacity in storage volume, but optimal HP
capacity only increases slightly.

Nevertheless, the flexible use of HPs in existing DH
systems seems to be a viable solution for utilizing
renewable heat sources. Ridmi and Wahlroos [18] have
shown that the integration of HPs is more cost-efficient
than solar collectors for the Helsinki DH system at dis-
tribution temperatures of 80-110 °C. On the national
level, Kontu et al. [19] identify a potential of 10 % to
25 % share of HPs in the DH sales for Finland under the
precondition that profitability of the existing DH sys-
tems is unchanged or improved.

Bach et al. [20] have studied the role of HPs in the
Copenhagen DH system and conclude that the preferred
integration is at DH distribution level in order to reach
3,500 to 4,000 full load hours (FLH). Pieper et al. [21]
present a methodology to find the optimal amount of HP
capacity installed on city level. It was applied to the DH
system of Tallinn and included the integration of heat
sources like sewage water, river water, ambient air, sea-
water and groundwater.

Although the literature review demonstrates the
benefits that large-scale HPs bring for smart thermal
grids on national, regional or city level, practical
implementations, particularly in Germany, are rare.
According to Popovski et al. [22] the German regula-
tory and economic framework is currently a barrier for
cost parity of HPs in comparison to fossil-fired CHP
plants.

The following study deals with a specific opportunity
to integrate a river water HP at an existing CHP plant
site. The first main aspects to be discussed are seasonal
as well as long-term effects of electricity price-driven
operation. It is examined how the varying heat demand
throughout the year affects the flexible HP operation
according to electricity spot market prices at different
HP and thermal storage capacities. Moreover, the ongo-
ing integration of VRE into the electricity grid is
expected to increase the volatility of electricity market

prices in the long run, which consequently might also
influence flexible HP operation.

As the source and supply temperature of the investi-
gated river water HP depend on the season and therefore
deviate from nominal operating conditions, a novel
approach for HP performance estimation based on the
findings of Jesper et al. [23] is introduced. Within the
planning process for new HP installations, it is important
for the economic evaluation to estimate the performance
as accurate as possible, but at the same time with a rea-
sonable effort.

Finally, the impact of flexible HP operation and per-
formance estimation on the cost efficiency of the river
water HP of the case study is analysed.

1.1. Feasibility study

The results presented in this paper are embedded in a
feasibility study about the transformation of an existing
DH network in an urban district in Germany towards
4GDH. Currently, the DH network supplies around 37.8
GWh of heat to the customers per year, which covers 37
% of the total heat demand of the district. The study was
conducted in line with the requirements of the German
subsidy program “Wirmenetzsysteme 4.0” (heating net-
work systems 4.0), which supports the development of
new smart thermal energy networks as well as the trans-
formation of existing DH networks [24].

The central requirement of the program is the integra-
tion of at least 50 % of renewable energies into the DH
network. Since high temperatures often prevent the inte-
gration of renewable heat into existing heating networks,
another noteworthy requirement is that the maximum
supply temperature must be lower than 95 °C.

In contrast to the main study covering all aspects of
the transformation towards a 4GDH system, this paper
focuses on the efficient DH integration of a river water
HP considering seasonal variations of the temperature of
the heat source and sink. Additionally, the software ener-
gyPRO [15] is used for the assessment of flexible heat
production induced by electricity spot market prices.
Finally, the levelized cost of heat (LCOH) for four dif-
ferent system designs are calculated.

1.2. District Heating integration of a river water
heat pump at a CHP plant

The district analysed in the feasibility study is a densely

populated area in the centre of a large city, thus having

limited renewable heat resources. Nevertheless, an adja-

cent river was identified as the renewable heat source
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with the highest potential to cover significant amounts of
the heat demand of the district.

The river water is already used for cooling of a CHP
plant, which is located in the district and is one major
heat source for the DH network of the whole city. This
enables to use the existing river water extraction points
and permissions at the CHP plant site for the integration
of a HP, that feeds the downstream network of the con-
sidered district. This part of the network is implemented
as a subnetwork separated by a district substation, so
that the supply temperature can be lowered compared to
the primary DH network.

The electricity for the HP is assumed to be supplied
by the CHP plant. The maximum electricity consump-
tion of the HP is below 1 % of the nominal electric load
and the maximum heat output of the HP is around 3 %
of the nominal thermal load of the CHP plant. Therefore,
the CHP operation is seen to be independent of the HP.

A schematic representation of the integration concept
is depicted in Figure 1. The river water in the cooling
cycle of the CHP plant is partially redirected through a
shell-and-tube heat exchanger, where it serves as the
heat source of the HP through an intermediate cycle (70
% water, 30 % glycol). As the river water is cooled down
by 2 K in the heat exchanger, the minimum river water
temperature for HP operation is set to 3 °C to avoid
freezing in the subsequent piping leading to the CHP
plant.

90 to 120 °C

75 to 95 °C | l

75 to 90 °C

2

Subnetwork

Tank thermal
energy storage

~-lo

A tank thermal energy storage connected to the sub-
network serves as the heat sink of the HP. The residual
load is covered by the primary DH network through the
district substation, which also provides the opportunity
of an additional temperature lift.

1.3. Heat pump performance modelling

The economic and environmental feasibility of a HP
depends strongly on its performance. The higher the
efficiency is, the lower are energy consumption, direct or
indirect greenhouse gas emissions and LCOH. The effi-
ciency in turn is strongly influenced by the HP design
and the temperatures of the heat source and sink.
Therefore, a measured performance map covering all
occurring operating conditions is a crucial input for a
feasibility study.

Since no performance map is available to this study,
an efficiency model that is as accurate as possible is to
be used. Therefore, the HP performance model imple-
mented to the employed simulation software energyPRO
[15] is evaluated in this chapter. In the next step, a recent
study by the authors [23] on market available large-scale
HPs is summarized. The results of this study are used to
develop a new performance model for the two-stage
ammonia HP investigated in this study.

The coefficient of performance (COP) is a commonly
used metric for the HP efficiency and compares heat
output to electric power input (see Eq. (1)). The HP

Electricity grid
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// /
i B Tt 7/ DH network % .
District )
substation

1
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o% O
- {} ________ -
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heat exchanger RiEE

Figure 1: District heating integration of a river water HP (schematic representation)

124 International Journal of Sustainable Energy Planning and Management Vol. 31 2021



Ulrich Trabert, Mateo Jesper, Weena Bergstraesser, Isabelle Best, Oleg Kusyy, Janybek Orozaliev, Klaus Vajen

model implemented to the simulation software energy-
PRO [15] is based upon a simple but frequently used
method to estimate the COP at a specific operation
point. This COP model assumes a constant 2" law effi-
ciency (1,,,,) over the whole operating range.

The 2™ law efficiency is the ratio of the real-world
COP and the thermodynamic limit. If evaporation and
condensation are isothermal (see Figure 2 left), the anti-
clockwise Carnot cycle is the thermodynamic limit and
the COP can be estimated using Eq. (2). The latter is the
case for most refrigerants used in commercially avail-
able mechanical compression HPs.

For HPs with a temperature glide at heat sink or
source side, the Lorenz cycle is the thermodynamic limit
[25] and the COP can be estimated using Eq. (3). The
temperature changes at sink or source side are captured
by the logarithmic mean temperature (see Eq. (4) and
Eq. (5)) [26]. For instance, HPs using CO, are operated
transcritical and therefore the transcritical gas is cooled
down at heat sink side (see Figure 2 right). This explains

TinK#

Th,out ta

W (Thou — Tiin) " @

- B
T
Th,i h,out
w

why the logarithmic mean temperature (T, ) should be
used for COP calculation. In contrast to that, the evapo-
ration of CO, at heat source side is isothermal and there-
fore no logarithmic mean temperature should be used
here (Tl’m = Tl’in) [27]. For both cycles, n,,, includes all
efficiency losses resulting, for example, from heat
exchanger’s temperature driving forces which in turn
cause a reduced evaporation temperature (T;) or an
increased condensation temperature (T,).

coP=9, /'F, ZI:(Th,out _Th,in)'Vh P 'Cp,h:I/P

el

(1
COP = nan ' COPCarnot = nan ’ ‘T;umt /(T;z,aut - ‘T},in)

(2)
COP = n2nd ' COPLorenz = nan ' T;r,out / (‘T;t,m - ];,m)

(3)

_Gotw Tym - a
COPLorens = w  (Tym—Tin) - @
Tg,in
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Y
a

v kJ/(kg - K)

a

Figure 2: T-s diagram of Carnot cycle HP (left) and Lorenz cycle HP (right) (Lorenz cycle is exemplified by a transcritical operated HP

using the refrigerant CO,; T : condensation temperature, T: evaporation temperature, T, : temperature of refrigerant at gas cooler inlet,

g.in’

T, .:temperature of refrigerant at gas cooler outlet)

g.out”
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T;z,m = (T;l,out - T;z,in) / ln(T;l,out / T;z,in) (4)
T;,m = (E,aut - T;,in) / ln(j;,aut / T;,in) (5)
COP coefficient of performance [-]

0, usable heat output [kW]

P, electric power input [kW]
Th,m heat carrier temperature at condenser inlet [K]
T,, logarithmic mean temperature at condenser/
gas cooler [K]
hout heat carrier temperature at condenser outlet
(K]
T, heat carrier temperature at evaporator inlet [K]
T, logarithmic mean temperature at evaporator
(K]
T, heat carrier temperature at evaporator outlet
. K]
v, volume flow of heat carrier at condenser
[m3/h]
n, density of heat carrier at condenser [kg/m?3]
o isobaric specific heat capacity of heat carrier at

condenser [kWh/(kg-K)]

To adapt to a specific HP, energyPRO [15] calculates
the 2" law efficiency at a given operating point and then
uses this to estimate the COP for all other operating
points. In doing so, energyPRO exclusively uses Lorenz
cycle as comparison process (Eq. (3)) [28]. As described
above, Eq. (3) is only recommended if there is a tem-
perature glide at heat sink and source side, which is not
the case for most mechanical compression HPs available
at the market.

Jesper et al. [23] recently found that the 2" law effi-
ciency depends on the temperature lift between heat
source and sink. For market available single-stage com-
pression HPs, the 2" law efficiency has an optimum for
medium temperature lifts around 40 K and is decreasing
towards the upper and lower end of the possible operat-
ing range. In contrast to the assumption of a constant 2™
law efficiency made in energyPRO, the 2" law effi-
ciency of these real HPs is varying from around 0.25 to
0.6 [23].

Pieper et al [21] present a modelling framework based
on mixed-integer linear programming for planning the
integration of large HPs into DH. This study reveals that
the 2" law efficiency of a DH-HP varies significantly
over the course of a year depending on the heat source
used (air, ground water, sewage water, sea water, lake
water, river water). The maximum variation in the range

of 0.50 to 0.61 is observed for air. The minimum variation
in the range of 0.55 to 0.58 is obtained for groundwater.

Due to the described inaccuracies of the HP model
implemented in energyPRO it is replaced in the simula-
tion results of this study. Therefore, a new performance
model for two-stage HPs is developed (section 2.2). This
model is based on the results of Jesper et al. [23] and
Schlosser et al. [27]. They develop COP regressions for
six HP classes based on a comprehensive HP database
including operating data of 39 different market available
large scale (> 50 kW, ) HP series by 11 manufacturers
and propose a function (see Eq. (6)) that leads to a sig-
nificantly more accurate COP estimation compared to
Eq. (2) or Eq. (3).

For single-stage subcritical compression HPs work-
ing with hydrofluorocarbons (HFC) or hydrofluoroole-
fins (HFO), the usage of Eq. (6) instead of Eq. (2) leads
to an increase of the coefficient of determination (R2)
from 0.78 to 0.96 and a reduction of standard deviation
(o) from 0.80 to 0.28. For single-stage compression HPs
working with ammonia, a R? of 0.87 and a ¢ of 0.42 is
achieved [23].

CoP=a-(T,,, ~T,, +b) (T, +2:b) ()
COP coefficient of performance [-]
a,b,c,d fit parameter [-]
hout heat carrier temperature at condenser outlet
(K]
T, heat carrier temperature at evaporator inlet
[K]

*If a temperature glide of the refrigerant at heat sink
or source side occurs (e.g. transcritical CO, HP), the
temperatures in Eq. (6) are replaced by logarithmic
mean temperatures.

2. Methodology

The DH integration of large-scale HPs was analysed in
terms of operational efficiency and electricity price-
driven operation. The methodology to determine key
figures including the seasonal coefficient of perfor-
mance (SCOP) of the HP, indicators for flexible opera-
tion and LCOH is laid out in the following subsections.

2.1. Simulation of heat production with energyPRO

A model of the integration concept was developed with
the software energyPRO (V4.6.806) [15]. The software
enables long-term simulation of DH supply systems on
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an hourly basis. Dynamic input variables are integrated
as time series and include temperature profiles (ambient
temperature, river temperature, supply and return tem-
perature of the DH network), heat demand profiles as
well as electricity spot market prices. The simulation
period spans over 15 years from the year 2024 until
2038.

The components in the basic version of the model
follow a minimum dimensioning approach (see Table 1),
meaning that the heat output of the HP is just sufficient
to cover 50 % of the annual heat demand of the district,
while the capacity of the storage is just large enough to
shift peak loads. In the models HP10 to HP30 the heat
output of the HP is increased by 10 %, 20 % and 30 %,
respectively, while the produced heat and therefore the
cover ratios are aimed to stay constant. At the same time
the storage volume is increased by 300 m3 in each ver-
sion. Consequently, the flexibility in the operation of the
HP increases from the basic version to HP30.

Table 1: Dimensions of HP and storage in the
compared simulation models

Component Basis HP10 HP20 HP30
HP 470 MW, 5.17MW, 564 MW, 6.11 MW
Storage 600 m?3 900 m3 1,200 m3 1,500 m3

2.1.1. Temperature profiles

A profile for ambient temperature was generated with
the software Meteonorm (Version 7) [29] for the years
2020, 2030 and 2040 within the TPCC scenario A2.
Subsequently, a continuous profile for the simulation
period was created through linear interpolation between
the three support years. The river temperature profile as
shown in Figure 3 was built based on the ambient
temperature profile. The approximation for river

temperature is a weighted average of the ambient tem-
peratures of the preceding two weeks. The weighting
factors were derived from an analysis of historic mea-
sured values of ambient and river temperature.
Furthermore, the temperatures of the DH supply and
return line were modelled as functions of daily mean
ambient temperature as depicted in Figure 4. Those
reflect measured supply and return temperatures from
the current network adjusted to aspired temperatures in
the new subnetwork. The maximum supply temperature
was set to 95 °C at an ambient temperature of -10 °C.

2.1.2. Annual heat demand and hourly profile

The annual heat demand of the DH consumers consid-
ered in the simulation model relies on a comprehensive
study, that builds on consumption and building typology
data and was conducted by the utility. The study indi-
cates an annual heat demand of around 37.8 GWh for all
DH consumers in the year 2020, but the heat demand is
expected to decrease due to renovation measures and
increasing ambient temperature in the future. Within the
feasibility study it was assumed that the decreasing heat
demand is compensated through new consumer acquisi-
tion. This is in line with the business strategy of the
utility.

Additionally, a new district is expected to be gradu-
ally connected to the subnetwork between the year 2025
and 2029, so that the annual heat demand increases to
around 50.6 GWh in the year 2030. Standard load pro-
files from Hellwig et al. [30] and its further development
by Hinterstocker et al. [31] were then used to create an
hourly load profile in dependence of mean ambient
temperature.

The heating network losses were modelled as an
hourly load profile using the UA-value and temperature

= Ambient temperature
River temperature

Temperature in °C

Month of the year
Figure 3: River temperature as a function of ambient temperature for the year 2030
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Figure 4: Network temperatures (supply and return line) as a function of ambient temperature

of the network as well as soil temperature as a function
of ambient temperature. Those amount to around 5.3
GWh in 2020 and increase to around 7.1 GWh in 2030.

2.1.3. Electricity price-driven heat production

The software energyPRO uses an analytical method to
optimize the operation of heat production components
and storage according to given technical and economic
constraints on an hourly basis [15]. The technical con-
straints include the performance under nominal operat-
ing conditions, partial load restrictions and daily or
seasonal limitations on operating hours.

The relevant economic constraints are a long-term
prognosis for hourly electricity spot market prices based
on energy market models of the company Prognos AG as
well as a prognosis for the German renewable energy
levy (EEG levy) on electricity according to Oeko-
Institut [32]. Considering these restrictions, the opera-
tion of the HP will be adapted to electricity market
prices, using as many hours at low prices as possible.

The electricity price-driven heat production is
described by the following indicators to visualize the
effects of short- and long-term development of market
prices. The deviation of mean market price during HP
operation d,, ,, from mean market price C, .40 19
determined on a monthly basis following Eq. (7). The
calculation of mean market price excludes hours when
the river water temperature drops below 3 °C, because
this is the limit for HP operation.

Additionally, the fluctuation of electricity market
price is characterised by market price change f, , . calcu-
lated for each time step i as a difference between elec-
tricity prices in time steps i + 1 and i as in Eq. (8). The
corresponding  standard deviation o(f,, ;) calculated

over a chosen period (e.g. one month) is then used as an
indicator for the volatility of the electricity market price
change in this period.

Finally, the linear correlation coefficient CC of del, np
and o(f,, ;) is determined to describe how flexible HP

operation and price volatility are linked.

_ Cel,HP =
el HP ~— E xel,market (7)
el , HP
-f;zbs,i = xel,market,Hl _xel,market,i (8)

d, pp deviation of mean market price during HP
operation [€/MWh_]

Cel, Hp cost of electricity for the HP [€]

oL HP electricity consumption of the HP [MWh, ]

X marker  ClecCtricity market price [€/MWh,]

Xy marker  Mean electricity market price [€/MWh,]

b fluctuation in electricity market price
[€/MWh_]

1 time step index [-]

0(f,,» Vvolatility of electricity market price change

over a period [€/MWh,_|]

2.2. COP estimation for two-stage ammonia heat
pumps

The maximum temperature lift that has to be supplied by
the HP in the application investigated in this study is 87
K (90 °C - 3 °C). The maximum single-stage tempera-
ture lift of market available HPs is 95 K but most HPs
are limited to 60 K or less [23]. For these reasons, a two-
stage HP with ammonia (R717) as a working fluid is
chosen for the application examined in this study.
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In addition to the high temperature lift, a two-stage
ammonia HP can also handle large differences between
supply and return temperature (spread) at heat sink side
of more than 20 K. In contrast to that, HPs using organic
synthetic refrigerants (e.g. HFO or HFC) are usually
operated with heat sink spreads of no more than 10 K
and are usually slightly less efficient than ammonia HPs
[23]. To be compatible to higher heat sink spreads, HPs
using organic synthetic refrigerants must be equipped
with additional hydraulic components (e.g. feeding
supply stream into return stream).

The COP regressions by Jesper et al. [23] and
Schlosser et al. [27] do not cover multi-stage HPs.
Therefore, a cascade of two HPs (see Figure 5) is used
to approximate a two-stage HP. The COP of each stage
is estimated using Eq. (6). The overall COP is then cal-
culated using Eq. (9).

CO})cascade = Qh = ~ Qh -

P +Fs 0, I O,

COP,  COP,
_ 0, __COR-COP,
o - 0, . COP, +COP, -1
' cop, o,
COP, COP,
9

COP,,. ... coefficient of performance of HP cascade

[-]

COP, coefficient of performance of stage 1

cor, coefficient of performance of stage 2

Qh heat output of stage 2 [kW]

Qm heat output of stage 1 and heat input to
stage 2 [kW]

P, electric power input to stage 1 [kW]

P, electric power input to stage 2 [kW]

To apply Eq. (9), the total temperature lift supplied by
the cascade has to be divided between the two HPs.
Figure 6 visualizes the COP of each stage and the total
COP of the cascade depending on the division of the
temperature lift at the nominal operating point (T, ; =50
°C, Th’Out =90 °C; TLin =4 °C, Tl’Out =2 °C). Because the
COP of each stage mainly depends on the respective
temperature lift, the maximum COP of the cascade is
reached when the overall temperature lift is almost
equally divided. Therefore, it is assumed that each of the
stages delivers exactly half of the temperature lift.

One manufacturer’s offer for a two-stage ammonia
HP was available to the authors of this study. At the
nominal operating point (see red cross in Figure 7), the
manufacturer reports a COP of 2.8, which is almost 0.4
higher than the COP of the HP cascade. One possible
reason to explain this is the single refrigerant circuit of
the offered HP. The heat exchanger connecting the two
refrigerant circuits of the HP cascade is obsolete which
results in a higher efficiency. To adapt the COP estima-
tion to the offered HP, Eq. (9) is extended to allow a
horizontal shift with ATliﬁ,smﬁ or vertical shift with
COPShiﬁ (see Eq. (10)).

Stage 2 — X

Stage 1 — X

4
"o

()=
10

O™
fQI
1

Fgure 5: Scheme of a HP cascade.
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COP -COP,
COPcmcade = ] 2 + COthzft (10)
] COP, +COP, -1 )
with:
COP,=a- (AT, — 0.5 - ATliﬁ,shift +2-b) - (T},
+ ATHfLl -0.5- ATHﬁ,shiﬂ + b)4
COP,=a- (ATh.fL1 -05- ATh.ﬂyshl.ﬁ +2-b) (T, .,
+ by
Alejfz,z = ATltﬁ,2 =05- ATlifz -0.5- (Th,out - Th,in)
COP coefficient of performance [-]
C OPshl.ﬂ vertical shift of COP function [-]
‘ COPshiﬁ =0.37

a,b,c,d fit parameter [-]

a =40.789, n = 1.0305, ¢ =—-1.0489,

d =0.29998 [23]

heat carrier temperature at condenser outlet

h,out
(K]
T, heat carrier temperature at evaporator inlet
(K]
ATliﬂyshiﬁ horizontal shift of COP function [K]
AT i = 12.8

A horizontal shift (ATliﬁyshiﬁ), which is equal to a con-
stant reduction of temperature lift, leads to higher COP
at low temperature lifts (see Figure 7) and can be physi-
cally explained by the missing intermediate heat
exchanger. The offered HP is equipped with an internal

heat exchanger, flash tank, desuperheater, subcooler and
oil coolers for each compressor. These features are not a
standard to all ammonia HPs and are assumed to result
in a vertical shift COPshiﬁ. Therefore, it is reasonable to
assume that the real COP will be located between the
horizontally and vertically shifted COP curve. The
shifted COP curves are used in the following to mark the
estimated COP range resulting from adapting the COP
estimation of the HP cascade to a two-stage HP with a
single refrigerant circuit.

As the HP performance varies with changing operat-
ing conditions, both electrical power consumption and
heat output are affected. The behaviour of a specific HP
depends on a wide range of parameters such as the prop-
erties of the refrigerant. The simple HP performance
model implemented in energyPRO and described above
is not able to represent this behaviour correctly. To avoid
resulting errors and to reduce the complexity of the
system control, a constant heat output of the HP is
assumed in this study. Since the offered HP is equipped
with a built-in frequency converter, a constant heat
output can also be achieved in practice.

2.3. Boundary conditions for the economic
evaluation

The key indicator used for economic evaluation in this

study is the LCOH, which is defined in Eq. (11) by fol-
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Figure 7: Adaption of the COP curve of a HP cascade to the offered two-stage HP. (Maximum heat source (river)

temperature is 21 °C. Because heat source temperature increases and sink temperature decreases in summer,
the minimum temperature lift is 54 °C. Vertical shift is 12.8 K. Horizontal shift is 0.37)

lowing Baez et al. [33]. It contains investment costs (/),
operating costs for electricity, maintenance and service
(C,) as well as residual values (RV) of the components.
The residual values are relevant because the assumed
technical lifetime is 20 years for the HP and 25 years for
the storage in line with Grofle et al. [34], while the
assessment period (AP) is only 15 years. The transac-
tions for C, and RV, that occur later than the investment,
are discounted to the time of investment with the dis-
count rate (r). Finally, all costs are referred to the pro-
duced heat (E)) to calculate LCOH.

Py C,—RV
(14 r)

LCOH = ZAP E
= (1+r)

an

LCOH levelized cost of heat [€/MWh]
1 investment costs [€]

t year [-]

AP assessment period, 15 a [-]

C, operating costs in year t [€]
RV residual values [€]

r discount rate [-]

E, produced heat in year t [MWh]

The key assumptions for calculating the LCOH are
listed in Table 2. Grof3e et al. [34] list references for
investment, maintenance and service costs of the HP and
storage. Additionally, the references for investment costs
were enhanced by quotes of manufacturers for a two-
stage ammonia HP and a river water shell-and-tube heat
exchanger to increase the accuracy of the cost estima-
tion. This leads to specific turn-key investment costs for
the HP that are within the range of costs for HPs listed
by the Danish Energy Agency and Energinet [35] (sea-
water HPs) and GroBe et al. [34]. All assumptions are
without value added tax (VAT). A 30 % subsidy is
applied to the investment costs according to the German
program “Wiarmenetzsysteme 4.0” (heating network
systems 4.0) [24].

It is assumed that the electricity for the HP is self-gen-
erated at the CHP plant. Therefore, the electricity costs
only reflect the lost revenue from a potential sale of CHP
electricity at a spot market. In this setup, according to
German legislation, the only additional fee that needs to
be considered is 40 % of the EEG levy (renewable
energy levy).

Since the economic assumptions reflect the individual
conditions of the conducted case study, the influence of
the discount rate and the investment costs on LCOH is
tested in a sensitivity analysis. The discount rate is
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Table 2: Key economic assumptions
Component Basis HP10 HP20 HP30

HP

Turn-key investment costs 2.74 M€ 297 M€ 320 M€ 3.44 M€

Maintenance and service Fix: 2,700 €/(a ¢ MW ); Variable: 1,80 €/(a ¢ MWh,))
Storage

Turn-key investment costs 0.49 M€ 0.75 M€ 0.99 M€ 1.24 M€

Maintenance and service 12.0 k€/a 13.0 k€/a 14.0 k€/a 15.0 k€/a

Mean electricity market price
EEG levy

Discount rate r

Subsidy

58.3 €/MWh,, (2024) to 72.8 €/MWh_, (2038)
58.9 €/MWh,_, (2024) to 13.6 €/ MWh_, (2038)
8 %

30 % of investment costs

varied in the range of 0 % to 12 %, while the investment
costs are altered by £30 %.

3. Results of the Techno-Economic Analysis

In the following the simulation results of the integration of
ariver water HP are presented. The effects of increasing HP
output and storage capacity in the four simulation models
are examined regarding the overall performance with a
focus on HP efficiency and electricity price-driven opera-
tion. The analysis concludes with an economic comparison.

3.1. Simulation results

The 15-year simulations of heat production with the
energyPRO software provide the basis for the tech-
no-economic analysis. A selection of resulting key fig-
ures is listed in Table 3. The cover ratio of the HP is
maintained at approximately 52 % of the district heat
demand in all models as intended. This is achieved by
setting individual maximum electricity market prices for
HP operation in each year and each model.

The increasingly flexible operating strategy from the
Basis model to HP30 is reflected in a decreasing number
of FLH and storage cycles. Nevertheless, the number of
FLH is higher than in comparable studies, where it

ranges from 2,000 to 4,000 [20,21]. The deviation may
be explained by the HP operation as baseload units in
this study in comparison to investigations on city level in
the mentioned references, where CHP plants serve as
baseload units. It is also notable that larger storage vol-
umes in HP10 to HP30 lead to less hours of the HP
below nominal load.

To visualize seasonal operation characteristics, Figure
8 shows the hourly heat load, HP operation and storage
utilisation for the models Basis and HP30 in the year
2030. For the reasons described in section 1.3, the heat
output of the HP is set to fixed values for the respective
scenarios ranging from 4.70 MW to 6.11 MW.

The lowest possible river temperature for HP opera-
tion is 3 °C. The periods below this threshold can be
seen in the Basis model in January, February, and
December, when the HP is not running. Beyond that,
operation is restricted in periods with high electricity
prices, especially in the model HP30 with a higher heat
output. From May until October, when the heat load is
lower than the heat output of the HP, this characteristic
intensifies through storage utilisation. The comparison
of the two models clearly shows that larger capacities in
HP30 increase the flexibility in the summer and extend
the periods with flexible operation.

Table 3: Key figures of the simulation: Cover ratio, FLH and storage cycles

Key figure Basis HP10 HP20 HP30
Mean cover ratio HP 51.6 % 52.0 % 52.5 % 52.6 %
Mean operating hours HP 6,354 h/a 5,668 h/a 5,199 h/a 4,794 h/a
Mean hours below nominal load HP 972 h/a 580 h/a 433 h/a 356 h/a
Mean FLH HP 5,904 h/a 5,418 h/a 5,011 h/a 4,636 h/a
Mean storage cycles 224 a’! 196 a’! 175 a’! 160 a’!

132

International Journal of Sustainable Energy Planning and Management Vol. 31 2021



Ulrich Trabert, Mateo Jesper, Weena Bergstraesser, Isabelle Best, Oleg Kusyy, Janybek Orozaliev, Klaus Vajen

—_
w S

Heat output in MW,
w S

o

-

—_
w2

i by k '

Heat output in MW,
w =

January February

(=]

March April

RIHi [

[3=]
(=]

—_
w

(vl Luu.'&..j AN

Heat output in MW,
w >

o

May June July August

—_ 9
[T =

W

Heat output in MW,
=

f=)

[y*]
(=1

—
W

AR Ly Ll [,

ne LRl [
September October November December

[[P30]
mwmmm

November December

Heat output in MW,
=)

(3]
<o ©

—_—
w

10

.m...m..u'\|||H||||||||nm||||||\ \||\||\|||\|\'|||HHHiHHM le M

September October

Heat output in MW,

— Heat load M Heat pump M Storage charging Storage discharging Primary network

Figure 8: Comparison of hourly simulation results for the year 2030 as course of the year for the models Basis and HP30
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3.2. Analysis of electricity price-driven operation
The following section disregards the simulation results
for years 2024 to 2029, as the increasing heat load due
to a network expansion (see section 2.1.2) may affect
conclusions regarding electricity price-driven operation.
In general, the observations made in section 3.1 are
confirmed when looking at the monthly development of
the deviation of mean market price during HP operation
d, yp depicted in Figure 9 for all four models. From
April until the summer, when the heat load is low, the
deviation decreases while at the same time the volatility
of electricity market price change of(f,,) slightly

increases. Depending on the model, the HP is operated
when the electricity price is 3 to 23 €/ MWh_, below
mean market price during the summer.

Furthermore, large deviations are observed in
December and February especially in models HP10 to
HP30. This is explained by a lower number of operating
hours compared to the Basis model and by very high
peaks in electricity market price during these months.

The progressing decarbonisation of the German elec-
tricity system with a growing share of VRE is expected
to further increase the volatility of electricity market
price change of(f,, ) in the long-term. Figure 10 shows
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Figure 9: Deviation of mean market price during HP operation d; ;;, and volatility of electricity market price o(f, ) as course of the year

(mean values for the years 2030 to 2038)
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134

International Journal of Sustainable Energy Planning and Management Vol. 31 2021



Ulrich Trabert, Mateo Jesper, Weena Bergstraesser, Isabelle Best, Oleg Kusyy, Janybek Orozaliev, Klaus Vajen

that this is specifically the case for the non-heating
season (May to September) in the underlying spot
market prognosis, which indicates a strong growth of
solar PV systems feeding into the electricity grid. The
simulation results show that volatility impacts the mean
deviation d,, ,;, with an increasing effect from the Basis
model to HP30.

The trend of an increasing volatility of(f,, ) until 2038
cannot be recognized during the heating season (see
Figure 11). Nevertheless, the impact of volatility on the
mean deviation d,, ;, is also confirmed here, especially
in HP10 to HP30.

To further differentiate the impact of volatility of(f,, )
on mean deviation d the linear correlation coefficient

CC between their respective long-term developments
(for years 2030 to 2038) was determined for each month
(see Figure 12). CCis close to -1 from May to September
in all models, which demonstrates that an electricity
price-driven operation of the HP is particularly possible
during the non-heating season. With higher heat output
of the HP and additional storage capacity in HP10 to
HP30, this period can be extended from March to
October. In winter high electricity price peaks, the min-
imum river water temperature for HP operation and a
higher heat load affect heat production more signifi-
cantly. Consequently CC is less informative for this
period.
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Figure 11: Mean values of the deviation of mean market price during HP operation d; ;, and the volatility of electricity market price o(f,,.)

in the heating season (October to April)
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3.3. Evaluation of heat pump performance model

In section 2.2, two approaches (AT, .. and COP, iﬂ) are
proposed to adapt the method of COP estimation to a
two-stage HP with a single refrigerant circuit by repre-
senting it with a HP cascade. Figure 13 visualizes the
COP of both approaches as well as the Lorenz COP cal-
culated according to Eq. (3) with a constant 1), , of 0.515
for one year. Interruptions in the COP profile indicate
times where the HP is out of operation due to river tem-
peratures below 3 °C. This is the case for 11 % of the
whole year.

In comparison to the Lorenz COP, the profiles of the
proposed estimation methods are independent of the
return temperature of the DH network. This is especially
relevant during the summer when the DH supply tem-
perature is constant and the COP for both approaches
only depends on the river temperature. Nevertheless,
AT ¢, onir eads to a significantly higher COP in summer
when the temperature lift decreases and the operating
conditions deviate most from the conditions at the nom-
inal operating point. The maximum deviation of the
proposed estimation methods from Lorenz COP is 0.9
(+24 %) for ATy i and 0.35 (+11 %) for COP, ..

The seasonal coefficient of performance (SCOP),
which is determined through dividing the annual heat
production by the electricity consumption, is 3.3 when
using the Lorenz COP. On the other hand, a SCOP of 3.4
is obtained with cop,,, and 3.7 with ATy .. This
corresponds to a range of 9 % deviation between the
proposed approaches. In all cases, the dimensioning
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(Basis, HP10, HP20, HP30) has no significant influence
on the SCOP.

The possible SCOP range of 9 % could be reduced
and the accuracy could be increased if more operating
points for the offered HP would be available making a
simultaneous horizontal (AT ¢, gpig) and vertical (COP, I.ﬁ)
adaption possible. In this case, the resulting COP curve
(see Figure 7) or annual COP profile (see Figure 13) is
assumed to be between the horizontal and vertical shift.
In any case, the error resulting from the inaccuracy of
the single-stage ammonia HP COP regression (o= 0.42;
R2 = 0.87), which is taken from Jesper et al. [23] and is
a crucial part of the COP estimation of the HP cascade,
cannot be eliminated.

3.4. Economic evaluation of heat supply concepts
The LCOH of the four models are compared in
Figure 14 including both approaches to adapt the COP
estimation method to the offered two-stage ammonia
HP (ATliﬂ’shift and COP,..). The use of COP, . leads to
about 4 to 5 % higher LCOH compared to AT ..
Consequently, the overall economic efficiency of the
concept is only slightly affected by the estimation
method. In the following only the results with AT
are discussed.

In general, the electricity-price driven operation of the
HP reduces the cost of electricity at a spot market com-
pared to a continuous HP operation. The range of this cost
reduction is from 8 % in the Basis model up to 19 % in
HP30. Although the LCOH in the Basis model are lowest,
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Figure 15: Sensitivity analysis of LCOH for different discount rates (left) and investment costs (right)

amore flexible heat production in HP10 to HP30 increases
the LCOH only up to 6 %. With the underlying economic
framework conditions, 9 % lower electricity costs in HP30
compared to the Basis model cannot compensate addi-
tional investment costs for larger components.

It is important to note here that a precondition of the
LCOH calculation is the use of self-generated electricity
from the CHP plant. Considering additional fees for grid
electricity almost doubles LCOH to 59.2 €/ MWh,, in
the Basis model and 61.0 €/ MWh,, in HP30.

In order to test the impact of the economic framework
parameters on LCOH calculation, a sensitivity analysis
for the discount rate and investment costs was con-
ducted. Figure 15 (left) shows that the chosen discount
rate is a decisive parameter when comparing the four
models. Lower discount rates favour concepts with high
investment costs, so that HP10 model has lower LCOH
than the Basis for discount rates below 5 % already.
Within the range of deviations in investment costs of
130 % the LCOH of the Basis model stay lowest
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(see Figure 15 right), although the differences between
the four models are marginalized for decreasing invest-
ment costs.

4. Discussion

The integration of a river water HP at a CHP plant bears
the opportunity to use existing infrastructure for the
transformation of heating networks towards 4" genera-
tion DH systems. The reduction of supply and return
temperatures of the network is a major precondition that
has not been covered in this study but is essential for a
successful and efficient implementation. Ommen et al.
[3] have shown the positive impact of reduced network
temperatures on costs, fuel consumption and carbon
emissions and recommend supply temperatures of 65-70
°C, which is slightly lower than the 75-95 °C tempera-
ture curve assumed in this study.

As the focus of this investigation is on long-term
development, some simplifications within the simulation
model were accepted. The proposed integration of the
HP with the subnetwork and the primary network
requires a well-designed control strategy. In this context
the frequent on-and-off operation of the HP as a conse-
quence of electricity price-driven operation may be
challenging. Meesenburg et al. [36,37] suggest that two-
stage ammonia HPs are able to operate very flexibly and
propose several measures to optimize regulation time. In
addition, the impact on the upstream network can be
reduced by flattening the feed-in profile of the HP
through further usage of the storage in winter.

Jesper et al [23] show that the COP of single-stage
ammonia HPs can be estimated just using heat sink and
source temperatures resulting in a standard deviation o
of 0.42 and a coefficient of determination R? of 0.87. In
the present study this method is transferred to two-stage
ammonia HPs which results in an additional inaccuracy
of 0.3 SCOP-points. This inaccuracy could be reduced if
more real operating points would be available. In con-
trast to many methods found in literature (e.g. Ommen
et al. [38]) one major advantage of the developed method
for COP estimation of two-stage HPs is that it needs no
inputs other than heat sink and source temperatures.
Every additional input, for example assuming the com-
pressor efficiency, can be a source of error. As the devel-
oped method considers a 2" law efficiency depending
on operating temperatures, it is at the same time assumed
to be more accurate than comparable methods based on
Carnot or Lorenz COP and a constant 2" law efficiency,

which, for example, is used by the simulation software
energyPRO [15]. But since no performance map of a
two-stage ammonia HP is available to this study, the
latter cannot be validated.

Previous studies have shown that the flexible use of
electricity for heat production in DH systems facilitates
the progressing integration of VRE into the electricity
grid [39-41]. This is confirmed in this study by strong
correlation between volatility of electricity market price
change and flexible HP operation, but the results also
demonstrate how the seasonality of heat load affects the
flexibility. However, it should be noted that both the
volatility and the level of electricity spot market prices
strongly depend on the future development of power
plant capacities and the growth of VRE. Since this is
subject to many uncertainties such as political decisions
on subsidies, carbon taxes, and the regulatory frame-
work, further work should consider different scenarios
for the future of the electricity market and show their
implications on the present study.

The LCOH of the proposed HP integration models
indicate that the initial economic framework parameters
favour the minimum dimensioning approach to reach the
goal of a 50 % HP cover ratio. However, increased flex-
ibility of the system reduces electricity costs, which
present the largest share of the LCOH. Their share is
even larger when using grid electricity instead of
self-generated electricity. Currently, electricity grid
charges are a fixed price component in Germany, but
Kirkerud et al. [40] have stressed the importance of
time-varying grid charges for flexible use of electricity
in the heating sector. Finally, the share of investment
costs in the LCOH increases for very flexible systems,
so that they are more sensitive to the choice of case-spe-
cific discount rates, optimized component dimensions
and accuracy of investment cost estimations. The above
aspects could make more flexible systems also more
economically efficient.

5. Conclusion

A concept for the integration of a river water HP at a
CHP plant site was presented designed to cover 50 % of
the heat demand of a heating network in an urban district
in Germany. The simulation software energyPRO was
used to model four different dimensioning approaches
aimed at increasing the flexibility of heat production.
The models considered decisive constraints for the HP
including seasonal and long-term trends for river water
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and DH supply temperature, a novel methodology for
COP estimation as well as a prognosis for electricity
market prices. The results of the 15-year simulation
period were then used for evaluating the economic effi-
ciency of the flexible HP operation.

The developed two-stage HP performance model sub-
stitutes a performance model implemented to energy-
PRO that is inappropriate for most market available HPs.
Available highly accurate physical HP models from lit-
erature need to specify various parameters. In contrast,
the developed model is based on empirical correlations
and can be applied without the need of additional infor-
mation. At the same time, the achieved accuracy of the
employed empirical correlations is a significant improve-
ment on previous performance models such as the one
implemented to energyPRO.

Depending on the model the HP reaches 4,600 to
5,900 FLH. The operation at low electricity market
prices is particularly achieved when the heat load is
low during the non-heating season and increases with
the rising volatility of electricity market price. At a
mean supply temperature of 76 °C and a mean river
temperature of 10 °C, the SCOP is estimated to be in
the range of 3.4 to 3.7, whereas about 11 % of the year
the HP is out of operation due to low river water tem-
perature.

The model comparison indicates that lower electricity
costs due to more flexibility do not lead to lower LCOH
under the assumed economic framework conditions.
Nevertheless, there is only a slight gap towards cost
parity of the more flexible systems in comparison to the
minimum dimensioning approach in the Basis model.
For this model, the LCOH is 30.9 €/ MWh,,, while it is
only 6 % higher in the most flexible HP30 model. The
discount rate has proven to be a decisive parameter in the
context of this evaluation. This gap becomes even
smaller, when the HP is operated with grid electricity
instead of self-generated electricity from the CHP plant.
That is why time varying electricity grid charges are
seen as an important regulatory instrument to incentivise
more flexible HP operation, that will support the integra-
tion of large amounts of VRE into the electricity grid in
the future.
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