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Abstract

The building sector is accountable for roughly one third of global energy- and process-
related greenhouse gas emissions. Besides space heating, domestic hot water (DHW) heat-
ing contributes substantially to energy consumption and related greenhouse gas emissions
in the building sector. Depending on the DHW system design and its required supply tem-
perature, heat losses make up around 30...60 % of the energy required for DHW heating.
To decrease energy consumption and reduce associated greenhouse gas emissions, it is
essential to minimize heat losses and implement efficient DHW concepts. Heat pumps can
potentially reduce energy consumption, but their efficiency strongly depends on the DHW
system design and its required supply temperature. These aspects are evaluated by per-
forming a comprehensive analysis of different DHW concepts utilizing heat pumps. Based
on annual heat demands extracted from one year measurement data of a typical multi-
family house in Germany, simulations of six different DHW concepts are performed. Our
findings reveal that decentralized DHW systems or low system temperatures (48 °C), e.g. in
combination with ultrafiltration for legionella treatment in centralized DHW systems, can
lead to a substantial reduction in heat losses for DHW preparation of around 25% and in
final energy of 20 % compared to the reference case. In large systems the share of losses
should be kept below 30 % by reducing pipe lengths and equipping the most distant tapping
points with direct electric water heaters.
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ARTICLE INFO ABSTRACT

Keywords: The building sector is accountable for roughly one third of global energy- and process-related greenhouse gas
Domestic hot water emissions. Besides space heating, domestic hot water (DHW) heating contributes substantially to energy con-
Heat pump sumption and related greenhouse gas emissions in the building sector. Depending on the DHW system design and
;lzt;gizzeous water heater its required supply temperature, heat losses make up around 30...60 % of the energy required for DHW heating.

To decrease energy consumption and reduce associated greenhouse gas emissions, it is essential to minimize heat
losses and implement efficient DHW concepts. Heat pumps can potentially reduce energy consumption, but their
efficiency strongly depends on the DHW system design and its required supply temperature. These aspects are
evaluated by performing a comprehensive analysis of different DHW concepts utilizing heat pumps. Based on
annual heat demands extracted from one year measurement data of a typical multi-family house in Germany,
simulations of six different DHW concepts are performed. Our findings reveal that decentralized DHW systems or
low system temperatures (48 °C), e.g. in combination with ultrafiltration for legionella treatment in centralized
DHW systems, can lead to a substantial reduction in heat losses for DHW preparation of around 25 % and in final
energy of 20 % compared to the reference case. In large systems the share of losses should be kept below 30 % by
reducing pipe lengths and equipping the most distant tapping points with direct electric water heaters.

Low distribution temperature

multi-family buildings. Although heat pumps can provide heat to entire
multi-family and commercial buildings, they make up a small share of
total heat pump capacity installed today. For example, only 10 % of
units sold in Europe in 2021 were centralized heat pumps for multi-

1. Introduction

In 2021 the building sector was accountable directly and indirectly

for around one-third of global energy- and process-related greenhouse
gas emissions [1]. Almost half of the building energy demand was used
for space and water heating, fossil fuels account for 64 % of this
buildings-related heating [2]. For decarbonizing the buildings sector
heat pumps play a central role by improving efficiency and reducing
emissions utilizing ambient heat sources as air or geothermal heat, and
electricity from renewable energy sources [3,4]. In Europe, about 20
million heat pumps were in operation in 2022 and a record high growth
in sales was registered (38 % market growth of annual sales). But heat
pumps still provide heat to only 16 % of the buildings in Europe [5].
Heat pumps are an established technology in new buildings, where
high energy standards and low temperature heating systems leverage a
high primary energy related efficiency. However, retrofitting heating
systems with heat pumps remains a challenge especially in existing

family houses [6]. High temperature levels required for existing con-
ventional space heating technologies and for water heating are one of
the main technical obstacles to hamper a wider implementation of heat
pumps in the buildings stock. Additionally, the availability of heat
sources in urban built environments and limited practical experience in
combination with high initial investment costs and high operation costs
are barriers for heat pumps in this market segment [7].

While the energy demand for space heating can be reduced through
improving building fabric efficiency and lowering flow temperatures,
the energy consumption for domestic hot water (DHW) remains rela-
tively constant. Consequently, the proportion of DHW in the total energy
demand increases [8]. With the development towards nearly zero en-
ergy buildings, which sets higher standards for energy performance, the
share of DHW is expected to rise further.
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Indices and Abbreviations

Abbreviations

BU Backup

C Circulation

COP Coefficient of performance
DHW Domestic hot water

HP Heat pump

IWH Instantaneous water heater
m Mean

MFH Multi-family house
PWC Potable water cold
PWH Potable water hot

ret Return
SH Space heating
SPF Seasonal performance factor

SRC Source

Sto Storage

sup Supply

Sys System

UF Ultrafiltration

WTOL  Water temperature operation limit
Symbols

E Electrical energy J

P Power W

Q Amount of heat J

Q Heat flow rate W

Tloss Share of losses -

T Temperature K

UA Overall heat conductance W/K

w Specific energy consumption kWh/(m?a)
n Efficiency -

These tendencies show the importance of improving of the energy
efficiency of water heating and DHW system operation as a prominent
topic in contemporary research and technology development. Numerous
approaches for water heating systems are currently available in the
market. While available publications discussed specific DHW technolo-
gies for solar systems or low-temperature district heating systems or
advancements in heat pump technology for water heating, there is a gap
in the research when it comes to assessing the integration of these ap-
proaches with heat pumps specifically. The novelty of this article lies in
its comprehensive assessment of different water heating concepts in
multi-family buildings, specifically considering the integration of cen-
tral heat pumps as the main heat generator in the building.

Additional requirements are placed on the hot water temperature
when preparing DHW in multi-family houses due to hygienic regulations
for preventing the growth of Legionella. Legionella stop reproducing at
temperatures above 50 °C and are rapidly killed above 60 °C [9].
However, these regulations vary from country to country [10]. In Ger-
many, for example, DHW must enter the distribution network at a
temperature of at least 60 °C and must not fall below 55 °C at any point,
including the circulation line [11]. These requirements make it even
more difficult to treat DHW with a heat pump. Indeed, many HPs on the
market can provide temperatures of up to 65 °C and higher. Neverthe-
less, air-to-water heat pumps typically cannot operate at high
condensing temperatures when the ambient temperature is low, as the
compressor reaches its limits due to high pressure differences. For this
reason, operation at low ambient temperatures must often be supported
by an additional electric booster heater.

In addition to this thermal disinfection, there are other legionella
control measures: chemical treatment, volume restriction and physical
treatment (filtration). [12] presents an overview of DHW sanitization
methods. But they should be used only as supplementary protection with
an alternative design of DHW installation. [13] shows chemical treat-
ment was successful and temperatures can be reduced to comfort tem-
perature. Due to this temperature reduction circulation losses were
reduced by 66 %. But operation of the installed thermostatic control
valves was problematic (cannot maintain temperature that is set).
Chemical treatment as a legionella control measure is not included in
this paper, due to use of biocide methods requires meticulous control to
maintain effective concentrations without violating any local water
quality requirements.

Ultrafiltration modules use mechanical treatment for Legionella
control. The filtration module bypasses the circulation return and filters

an amount of the water.” Due to this a temperature reduction is possible.
Although research on this topic is ongoing, there are still few published
results from field tests of ultrafiltration modules. [15] shows that ul-
trafiltration, tested in a multi-family house with 21 apartments and a
DHW temperature reduction of 5 K, saved over 7 MWh/a (15 % of the
overall energy consumption for DHW).

Advancements in heat pump water heating technologies are pre-
sented in [16-20]. The implementation of CO2 heat pumps with storage
tanks incorporating temperature stratification has shown promising
results, achieving a coefficient of performance (COP) of 3.2 (A10/W70)
[16]. Or the utilization of two-stage heat pump systems has proven to be
effective in improving overall energy efficiency [17]. Moreover, the
introduction of a step-based heating concept, where DHW is gradually
heated, has demonstrated the potential to further increase the COP of
heat pump systems [18]. The complexity of DHW production requires
the implementation of a sophisticated control strategy for hybrid heat
pump systems, comprising heat pumps and gas boilers, to ensure optimal
performance [19]. Especially when using an additional electric heater,
an optimal pre-heating temperature of the heat pump is needed for an
efficient solution for DHW production [21]. A comprehensive review of
energy efficiency of heat pump water heaters is presented in [22].
However, it is important to acknowledge the limitations associated with
heat pump systems, particularly related to circulation losses [23,24].
These losses can have a negative impact on the overall efficiency of the
system and should be considered in the design and operation stages (see
also chapter 2.5).

DHW systems can be broadly categorized into central and decen-
tralized systems [25]. Central systems provide all tapping points of one
or more buildings with domestic hot water from a central water heater.
In large systems, like multi-family houses, a circulation line is installed
for hygienic reasons and higher comfort. In decentral systems, domestic
hot water is heated directly at the tapping point or in its immediate
surroundings. In the past, central storage systems were a prevalent
concept but posed challenges in terms of hygiene due to low water
fluctuation and the requirement for high temperatures for legionella
protection. In addition, such systems are not compatible with heat
pumps, as they do not allow for stratification and require large heat
exchanger surfaces to maintain low return temperatures. Due to the

2 There are also other possible installation locations for ultrafiltration mod-
ules, e.g. in the point of entry of the DHW installation or after DHW prepara-
tion. However, in circulation line in bypass operation, it is a more sensible
installation location, as the concentration of circulating microorganisms can
also be controlled [14].
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different return temperatures in multi-family buildings (tapping and
circulation), stratification is useful in DHW storage tanks. In addition,
the return temperature of the heat pump can be kept low, which has a
positive effect on the performance of the heat pump. Today, central
instantaneous water heaters are used, which provide hot water on-
demand. The heat exchanger area can be designed independently of
the storage tank, no drinking water is stored, and the efficiency is
improved. In [26,27], four different instantaneous water heater (IWH)
concepts are investigated in an exemplary bivalent heat supply system
with gas boiler and solar thermal collector for an apartment building:
high specific heat transfer rates (UA values) and return diversion are
advantageous and should be as fast as possible to get lower return
temperatures. Further increases in efficiency can be achieved by opti-
mizing the charging system of the storage tank [28].

Due to the reduction in the volume of domestic hot water, there are
less stringent requirements for legionella control in decentralized sys-
tems. Here it is assumed that a high exchange takes place due to the
small volumes. However, legionella safety has not been proven.
Decentralized instantaneous water heaters (flat stations or heat interface
units) use a central heating system with a circulation line. Heat
exchanger at every flat or consumer provide domestic hot water on-
demand. So, the temperature can be reduced to the tapping tempera-
ture of 50 °C. Significant part of DHW demand is allocated to circulation
losses [29]. With lower temperature in the circulation line, the circu-
lation losses can be reduced and decentralized systems promising solu-
tion for energy-efficient buildings with a large DHW system, e.g. Yang
et al. show that decentralized substations can save 30 % of the annual
distribution heat loss in a residential building with 15 apartments [30].
So, flat stations provide a sustainable and comfortable alternative for
DHW preparation. Compared to individual water heaters, the levelized
cost of heat can be reduced by 40 % and the emissions can be reduced by
1.2 t/a per flat using waste heat as a heat source for a flat station in
China [31]. Also for solar combi systems the reduction of heat distri-
bution losses in decentral systems have energy advantages (up to 45 %
final energy reduction and show a higher efficiency [32,33]. Decen-
tralized instantaneous water heaters can use additional electric reheater
for shutdown the main heating system in summer and to control circu-
lation temperature by heating curve [34,35]. These substations with in-
line electric heaters have low relative electricity usage because very
little heat is lost due to the instantaneous DHW preparation [36].
Decentral direct electric heaters provide DHW at the tapping point on-
demand. With a decarbonized electricity system, direct electric heaters
are a good solution especially in combination with solar thermal systems
[37]. Further improvements for example with cost/comfort-oriented
optimization algorithm are possible [38].

This research aims to identify measures that facilitate the optimal
integration of a heat pump for DHW preparation in multi-family build-
ings. The methodological framework of this study includes a systematic
examination of heat pump based DHW concepts implemented in multi-
family houses. This investigation incorporates the collection of empir-
ical data from existing buildings, coupled with system simulations to
evaluate the performance of the examined concepts. The results are
analyzed and compared to determine the most effective and energy-
efficient water heating strategies when integrated with heat pump sys-
tems. Additionally, the study addresses two key inquiries: firstly, how
the share of distribution losses influences the overall findings, and sec-
ondly, the impact of the maximum supply temperature of the heat pump
on the obtained results.

2. Methodology

To analyze measures to enhance heat pump performance for do-
mestic hot water preparation in existing multi-family houses, we
conduct dynamic system simulations using detailed simulation models
in Dymola/Modelica [39]. For this study all components and devices
shown in Figs. 1 and 2 were parametrized using real field data (building
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structure, length of pipes) or datasheets of market-available products
(heat pump, heat exchanger, storage). The unknown parameters of the
analyzed example building such as heat loss coefficients were adjusted
to match measured annual heat and hot water demands. Since the DHW
demand were only measured centrally, the “household-specific” hot
water demand profiles were obtained by using synthetically generated
profiles created with synPro algorithm. This algorithm uses a behavioral
model to determine DHW tapping and is validated against measured
data [40]. In the following, the study design is described in detail.

The selected building for analysis is a multi-family house (MFH)
consisting of 30 residential units, which represents a typical structure for
a multi-family housing complex in Germany [41]. Constructed in 1963
and renovated in 1995, the building is to be equipped with a new
heating system. The design approach for this particular building in-
volves the implementation of a monoenergetic air-water heat pump
system, as shown in Fig. 1. Monoenergetic heat pump systems are a
special form of bivalent systems where an auxiliary heat generator is
used in addition to the heat pump. In the case of monoenergetic systems,
the auxiliary heater uses electricity (i.e. electric heater). Most systems in
multi-family buildings would use a gas heating backup system. How-
ever, for reasons of comparability, we study this monoenergetic system
which simplifies the following analysis of seasonal performance factors.
In the investigated system, the heat pump supplies both the DHW stor-
age and the buffer storage for space heating. The bold dashed line ‘system
variation’ shows the interface for studying different hydraulic schemes
for DHW preparation. In instances where the heat pump’s heating ca-
pacity is insufficient to meet the load requirements or when the desired
temperature exceeds the maximum supply temperature of the heat
pump, electric heating elements are utilized to provide supplemental
heat as indicated in the hydraulic layout in Fig. 1. Additionally, the
corresponding temperatures, the electric power (P) and the heat flow
(Q) as well as the definition of the seasonal performance factor (SPF)
within three system boundaries according to [42] are shown. The bold
dashed line “system variation” illustrates the interface for studying
different hydraulic schemes for DHW preparation.

The example building encompasses a heated living area of 2,270 m?,
with a specific heat demand of 53 kWh/(mZa) for space heating and
21.6 kWh/(m?2a) for domestic hot water (including 11.8 kWh/(m?2a) for
tap water and 7.7 kWh/ (mza) for circulation losses). These values were
obtained by analyzing measurement data of the example building in
2023. Considering a total heating load of 74 kW at a norm outside
temperature of —12.6 °C (standard test-reference-year in Potsdam,
Germany) and a bivalence temperature of —5 °C, the calculated heat
pump capacity amounts to 61 kW (corresponding to an air-sourced heat
pump model with a rated output of 75 kW according EN 14511 under
A2/W35 conditions). For space heating low-temperature radiators with
a nominal supply and return temperature of 45 °C / 35 °C are consid-
ered, because low temperatures increase heat pump efficiency and this is
a very easy way to improve the performance (SPF increases by 0.1-0.13
per Kelvin [43]).

2.1. Investigated concepts

Storage systems, storage charging systems and decentralized heat
pumps are not considered in the investigations into increasing the per-
formance of heat pumps for hot water preparation. As written above,
storage systems are found to be less practical for use with heat pumps
due to the limited heat exchanger surface area. Additionally, storage
systems and storage charging systems show minimal stratification which
is also not advantageous for the performance of heat pumps. In addition,
potable water is stored, which should be avoided from a hygiene point of
view. Decentralized heat pumps often face challenges in integrating into
existing infrastructure, which can lead to higher installation and oper-
ational complexities. Therefore, the initial investment costs for decen-
tralized systems tend to be higher compared to centralized solutions.
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Fig. 1. Simplified hydraulic layout of the modelled heat pump system with corresponding temperatures and electric power (P) and heat flow (Q) and definition of the
seasonal performance factor (SPF) within three system boundaries according to [42]. The space heating part is grayed out because it is not in the focus of our study.
PWH: potable water hot. PWH-C: potable water hot circulation. PWC: potable water cold.

Furthermore, maintenance and monitoring of multiple decentralized
units can be more resource-intensive and costly.

Fig. 2 presents the investigated concepts, categorized by means of
hydronic layout, storage, location of heating and control. Systems 1-4
are 4-pipe systems with separate supply and return lines for domestic
hot water (DHW) and space heating. System 5, in contrast, functions as a
2-pipe system. In System 6, hot water is directly electrically heated
within each individual apartment. In the reference System 1, DHW is
centrally heated using a plate heat exchanger, eliminating the need for
hot water storage and enabling on-demand heating. The storage tem-
perature in this system is typically higher than the plate heat ex-
changer’s outlet temperature on DHW side (PWH line). A stratification
process is achieved on the primary side through the utilization of a
switching valve, allowing for a reduction in the return temperature to
the heat pump. Systems 2 and 3 employ two heat exchangers, with
System 3 incorporating an additional ultrafiltration module in the
bypass of the circulation return to reduce nutrients and thus prevent
legionella growth and lower the temperature. Systems 4-6 involve
decentralized DHW preparation within the individual apartments,
reducing the volume of water-filled pipes and consequently allowing for
temperature reduction. System 4 operates as a 4-pipe system, featuring
separate DHW and space heating lines along with a central storage tank.
In contrast, System 5 functions as a 2-pipe system, where space heating
is integrated into the apartment unit alongside DHW. Systems 5a is
maintained at constant circulation temperatures, while System 5b is
regulated by the heating curve. Any remaining heat requirements are
met through direct electric heating within the apartment units. Finally,
System 6 relies on direct electric water heating within each apartment or
point of use, while space heating is centrally provided. Thus, there is no
DHW storage required anymore. The heat pump only supplies the buffer
storage for space heating as shown in Fig. 1. Table 1 summarizes the
significant characteristics, advantages, and disadvantages of the exam-
ined systems.

2.2. Simulation framework

The heat pump model is a grey-box model which uses empirical data
to model the refrigerant cycle (black-box) based on DIN EN 14511 and
capacities to simulate heat losses in the heat exchangers. The model was
validated with measured data in [44] with the result that the perfor-
mance (COP values in the simulation are slightly higher than those of the
measured data) and the flow temperature match the measured data well.
The heat exchangers (UA value) and the control (P and I component of
the PI controller) of the central and decentralized instantaneous water
heaters were configured that the heating medium volume flow and the
return temperature match the manufacturer’s data accurately. As the
storage losses are difficult to determine due to uncertainties of the heat
meters before and after storage, the storage model was parameterized to
ensure that the storage losses correspond to the losses according to EU
Directive 814/2013.

The system is operated with a DHW priority control. The control of
the supply temperature in the heating circuit is based on outdoor tem-
perature using a heating curve [25]. The control for the storage charging
in DHW mode, as well as in space heating mode, is achieved through
hysteresis control. Due to the required high temperatures in the storage
for DHW in System 1 and 2, the heat pump is only used for preheating.
The electric heating element (relative height within thermal storage at
75 %) is activated if the maximum supply temperature of the heat pump
is reached or the heat pump runs for 15 min to reach the prescribed hot
water temperature but not reaches the temperature due to limited ca-
pacity. Table 2 summarizes the relevant component models and their
central parameters, which have been sourced from the publicly acces-
sible libraries Buildings [45], AixLib [46], and IBPSA [47].

Table 3 shows an overview of the DHW control parameters for the
investigated concepts 1 — 5a. System 5b is controlled via heating curve.
In summer, the system operates at a temperature of 30 °C. System 6 is
controlled differently, as the heat pump does not supply heat for DHW
preparation. The heating rod in each apartment can cover the entire
load. Assuming an efficiency of 100 %, the electrical load corresponds to
the tapping profile.
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Fig. 2. Simplified hydraulic scheme of the investigated concepts: System 1: Flow-Through system (1-stage instantaneous water heater IWH). System 2: 2-stage IWH.
System 3: 2-stage IWH with additional Ultrafiltration module UF installed in the bypass of the circulation return. System 4: Decentralized IWH with 4-pipe
installation and central storage. System 5: Decentralized IWH with 2-pipe installation and central storage and optionally with electric backup within flat (5b).
System 6: Decentral direct electric system.

Table 1

Overview of the investigated concepts.

Hot water heating
Installation location
DHW Distribution
Number of Distribution
lines

PWH Temperature
DistributionTemperature
Space requirement
Maintenance in
Apartment

Advantages

Disadvantages

Literature

Central Decentral
IWH IWH + UF IWH 4-pipe IWH 2-pipe Decentral electric
System 1 + 2 System 3 System 4 System 5a + 5b System 6
Flow-through heat Flow-through heat exchanger + Flow-through heat  Flow-through Electric Instantaneous water
exchanger Ultrafiltration module in PWH-C exchanger heat exchanger heater
Central Central Apartment Apartment Apartment /
Tapping point
PWH + PWH-C PWH + PWH-C Heating Heating -
distribution distribution
system system
4 4 4 2 2
60 °C 48 °C 45°C 45 °C 45°C
60 °C 48 °C 55°C 55°C -
Central Central Central Central Apartment
+ Apartment + Apartment
No, but regular samplings No, but regular samplings Yes Yes Yes
required required
Mechanical treatment of legionella — No distribution losses
— Low costs for measurement
High temperature in the — Permanent online monitoring of ~ High costs for — High energy costs for PWH
distribution line the ultrafiltration system is measurement - High sensitivity to increased
essential consumption and electricity
— Additional electric consumption prices
[13,26,27,29,32,33] [15,32,33] [30-35] [30-36] [37,38]
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Table 2
Components and models used for the simulation of the heat pump system in Dymola/Modelica.
Component Description (and Modelica Model) Value
Weather Meteonorm (Version 7.1.11) Location: PotsdamStandard Test-Reference-Year (TRY)

(TMY3Reader, Buildings [45])

Space heating Multi-Family-House
demand
Heating system: Radiators

(RadiatorEN442_2, Buildings [45])

Space heating

control Buildings [45]);
Hysteresis for loading storage (PIDHysteresisTimer, Buildings [45]);
Bivalent parallel control: backup runs only at temperatures below bivalent point
DHW DHW-profile generated with synPro [40]

DHW-circulation Circulation with horizontal supply;

Design according to DIN V 18599 and DIN 1988-300 [49]

DHW control

15 Minutes after heat pump started

Heat pump Fixed-Speed Heat pump model (HeatPump, AixLib [46])
Backup Electric heating rod, integrated in the storage model
Storage Modified buffer storage model with 10 layers (BufferStorage, AixLib [46])

IWH central/

Modified One-Zone-Model according to ISO 13790 [48] (own model)

Set-Supply-Temperature according heating curve [25] (HotWaterTemperatureReset,

Set temperature according max. supply temperature heat pump and variant;
Hysteresis for loading storage (OnOffController, Modelica Standard Library [51]);
Backup control: backup starts, when max. supply Temperature of heat pump is reached or

Plate Heat exchanger model (PlateHeatExchangerEffectivenessNTU, Buildings [45])

30 Apartments

2,270 m? heated living area

Specific Heating demand: 53 kWh/(m? a)

Design: Tsup,su 45 °C / Tret,su 38 °C / Troom 20 °C at
Tambient —12.6 °C

Design heating load: 76.8 kW

Heating limit: 12 °C

Heat pump:

Temperature sensor: 80 % of storage height
Hysteresis: + 2.5 K

Electric Backup (80 % of storage height):
Temperature sensor: 80 % of storage height
Hysteresis: —5 K and + 2 K

Specific heating demand: 10 kWh/(m?2-a)

constant circulation: 350 1/h (7.7 kWh/(m?a))?
constant fresh water temperature: 14 °C [50]
Circulation losses (constant ambient temperature) [49]:
Vertical Distribution (102 m): 20 °C

Horizontal Distribution (146 m): 13 °C

Heat pump (Input: 35 % of storage height):
Temperature sensor: 65 % of storage height
Hysteresis: + 2K

Electric Backup (75 % of storage height):
Temperature sensor: 95 % of storage height

Target Temperature: 54 — 68 °C (depending on system)
Qi Pot: temperature-dependent (source and supply)
Design heating power: 75 kW (A2/W35) [52]
Bivalence point: —5 °C (53 kW SH, 8 kW DHW)
Design heating power: 39 kW SH, 8 kW DHW
Efficiency: 100 %

1,460 1SH and

1,960 1 DHW (VDI 4645) [52]

Heat transfer between the layers by thermal conduction and
mixing by buoyancy

Performance adapted to data sheets [53-55]

decentral
IWH control PI Controller (LimPID, Buildings [45]) Performance adapted to data sheets [53-55]
UFC Pressure losses not modelled, only temperature control Continuous operation with average power consumption of 50 W
[56]
Pumps Electrical power not considered (approximately equal in all
systems)
“Refers to System 1.
Table 3
Overview of the control parameter for DHW operation of the investigated concepts.
IWH IWH + UF IWH 4-pipe IWH 2-pipe
System 1 4 2 System 3 System 4 System 5a
Heat pump: storage temperature (rel. height within storage at 65 %) 61°C+2K 54°C+ 2K 54°C+ 2K 54°C+ 2K
Backup: target storage temperature (rel. height within storage at 95 %) 68 °C 54°C 54 °C 54 °C

2.3. Heat pump characteristics

The need to provide high temperatures above 60 °C for hot water
heating in multi-family houses challenges the technological function-
ality of heat pumps. The maximum supply temperature receives more
relevance due to a growing share of DHW. So, heat pumps have to
operate near their water temperature operation limit (WTOL) to provide
the required temperatures. If the heat pump is unable to provide these
temperatures a backup heater has to cover the gap, resulting in
decreased efficiency and increase of CO5 emissions. Lammle et al. [57]
show an empirical, quantitative analysis of the maximum supply tem-
peratures of commercial heat pumps in the market. Although 80 % of
heat pumps in the market are limited to temperatures below 60 °C across
all capacity classes, we choose a heat pump model with a WTOL of 64 °C
as a reference because of high temperatures needed for DHW in multi-

family houses. To show the impact of the WTOL a maximum supply
Temperature of 58 °C and 70 °C was simulated. To illustrate the sole
impact of the WTOL a performance map for a heat pump operating at
64 °C was utilized (Fig. 3) [58]. This map was subsequently extended or
truncated according to the desired WTOL as illustrated in Fig. 3. For this
purpose, the minimum WTOL was left constant at Tsyp src = —20 °C and
only the maximum WTOL was shifted above Tgyp,src = 0 °C. In case of a
real-world heat pump, a change in WTOL would require changes in
refrigerant, components and control system. However, to avoid a bias of
the results by using entirely different heat pumps with slightly different
performance maps, it was decided to extend or truncate the performance
map of the heat pump with 64 °C WTOL.
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Fig. 3. Heat pump performance and used water temperature operation limit
WTOL according to [58].

2.4. Design of the instantaneous water heater (heat exchanger)

The design according to DIN 1988-300 results in a potable water hot
(PWH) flow rate of 50 1/min [59]. In Fig. 4, the flow diagram of an
instantaneous water heater IWH is illustrated. It can be observed that a
supply temperature to the IWH Tqps0opaw of 65 °C is insufficient;
therefore, a target temperature of 68 °C is selected for the storage tank.
Since high flow rates are only expected for short periods during opera-
tion, the control is adjusted so that the supply temperature fluctuates
between 63 °C and 68 °C. This approach limits the operating time of the
heat pump in DHW operation and maximizes the temperature range of
the used heat exchanger. Additionally, larger heat exchangers available
on the market can operate with lower temperature differences over the
heat exchanger, although this also results in higher return temperatures.

2.5. Seasonal performance factor SPF and mean heat pump temperature

The efficiency of the heat pump during operation is expressed by the
seasonal performance factor (SPF), which is the ratio of provided ther-
mal energy (Q) to consumed electrical energy (E), calculated from the
thermal and electrical energy flows (Q and P). as shown in Fig. 1.
Various boundaries can be considered for calculating the SPF. In the
following, SPF values are determined for three different boundaries:
SPFyp paw considers the heat supplied to the storage tank by the heat
pump, as well as the electrical consumption of the compressor, control
system, and fan in domestic hot water operation (Equation (1)).
SPFsy; puw additionally, considers the heat supplied to the DHW storage
tank by the auxiliary electric heater and the corresponding electrical
energy required (Eq. (2)). Furthermore, a consumption-based SPFpyy,
which is the reciprocal of the input factor, is determined (Eq. (3)).

30 1

Tsup, Sto, DHW
65°C
— 70°C

10 1

design volume flow: 50 I/min

Return flow temperature [°C]

0+ : : : :
0 10 20 30 40 50

Volumeflow PWH [l/min]

Fig. 4. Flow diagram of the used central instantaneous water heater according
to [53].
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Q
SPFp prw = TP.DITW (@)
HP DHW
Qup paw + Qpupw
SPFgys, = 2)
SysDIW Enp puw + Epupaw
SPFpwn = Qe 3

Enp prw + Epupnw

SPFpyy considers the thermal energy at the tapping point Qpyy and
the supplied electric energy, i.e. how much electric enery (final energy)
must be provided for 1 kWh of potable water hot (PWH). An ideal
decentralized direct electrical system without any losses therefore has
an SPFpyy of 1.

By combining the first and second law of thermodynamics the ideal
heat pump coefficient of performance COP¢gmo is given by the Carnot
cycle and can be calculated with Eq. (4) according to Arpagaus et al.
[60] with the (mean) temperature of the heat source Tsgc and the
(mean) temperature of the heat sink Typ.

THP

COPcamo = 5 T 4
" Tup — Tsac “

The second law efficiency & relates the real heat pump coefficient of
performance during operation COPgp with the ideal Carnot COP
COPgrmot- COPpp can then be expressed as a function of & and the mean
source and sink temperatures Typ and Tsgc, respectively:

THP

Pup — £-COPgypnor = £
COPyp = &-COPcamot gTHp*TSRC 5)

From Eq. (5) it can be deduced that the heat pump temperature in the
condenser Typ strongly affects the COP and the heat output Qyp and is
consequently a central operating condition affecting the electricity
consumption. For a comprehensive understanding of the effective tem-

perature level of the heat pump system, we define the mean heat pump
temperature T, gp as energy weighted annual average temperature [61]:

f Tsup.llP.DHW;Trel.HP.DHW . QHP,DHWdt
IQHP‘DHWdt
Tmup describes the mean temperature level of heat pump operation

and thus characterizes the effective heat sink temperature averaged over
a heating period.

©

Tm,HP =

2.6. Losses in the PWH installation in Multifamily houses

Circulation is essential in many heating systems, but it introduces
challenges. So, the system efficiency of the DHW system is important
and particularly related to circulation losses. The efficiency npy, as
well as the share of losses ry,5; of the DHW system are defined in Egs. (7)
and (8):

Qpwh
=1-rm 7)
Qpwr + Qpwr—c + Qsto, DHW losses o

Npaw =

Fioss — Qpwr—c + Qsto, DHW losses — Qpwr—c + Qsto, DHW losses 8)
0SS — -
Qpwa + Qpwr—c + Qsto, DHW losses Qup.paw + QpupHw

So far, rather few field tests have been published. Field measurements in
China show system efficiency npy,, from 28.7 % to 56.2 % [62]. [63,64]
show similar results with circulation losses of 53 % (partly over 70 %),
respectively 23-70 % in apartment buildings in Germany and Denmark.
Circulation losses are generally higher in old buildings [64,65]. Around
45 % losses occur in the examined building (see also Fig. 4). To inves-
tigate the influence of the share of losses in the PWH installation on the
performance of the heat pump system, additional simulations were
carried out with different shares rjs: 1/3, 1/2 and 2/3. With constant
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tap energy, the share of losses rj,5; depends on the losses in the circu-
lation pipe (pipe lengths, heat transfer coefficient, temperature differ-
ence between medium and ambient) and in the storage tank (surface
area, heat transfer coefficient, temperature difference between medium
and ambient). In this study, a reference U-value of 0.2 W/(meK) of the
circulation pipe was used, in accordance with DIN V 18599-8 for
buildings constructed after 1995, and was additionally varied to 0.1,
0.252, and 0.555 W/(meK) with otherwise constant values for the
remaining parameters. Due to the minimal additional average thermal
power required, the power of the heat pump can remain unchanged with
this variance (the heat pump is primarily designed for space heating).
However, with large U-values of 0.555 W/(meK), a larger storage tank is
necessary (2,800 1 according to VDI 4645 [52]).

With the given Equations (1) and (2) and the definition of the share
of losses (Equation (8)), we can describe SPFsyspuw as a function of
SPFpwy and rjess:

QPWH

Enp puw + Epupaw

(QHP.DHW + QBU‘DHW) — (prnfc + Qsto, DHW.losses)
Enp puw + Epu paw

(QHPADHW + QBU.DHW) — Tloss* (QHP.DHW + QBU.DHW)

Exp puw + Esupaw

_ (Qupprw + Qouprw) (1 — Tioss)
Egp prw + Epu paw

SPFpW'H =

= SPFSys.DHW'(1 - rloss) (9)

The purpose of this analysis is to demonstrate the performance re-
quirements of a central heat pump system to be energetically advanta-
geous compared to a direct electrical system without losses. Specifically,
it can be shown that, in order for a heat pump system to consume less
energy than an ideal decentralized direct electrical system with a
SPFpwy of 1, the heat pump system must achieve a system performance
factor SPFgys puw greater than 2 if the share of losses 1y, is 50 %. This
highlights the necessity for high-efficiency operation in heat pump
systems to ensure their superiority in energy consumption relative to
electrical heating systems. However, the maximum electrical power
consumption should also be considered, especially in the context of grid
expansion, to ensure the overall system’s efficiency and feasibility.

3. Results

Fig. 5 shows the simulated annual balance of energy flows of the heat
pump system in DHW mode for the reference system 1 with a central
instantaneous heat exchanger with stratification of the return flow. It
can be seen that on the consumer side, the largest proportion is

Energy & Buildings 328 (2025) 115155

consumed by tapping (55 %). However, a total of 45 % losses also occur,
divided between circulation losses (36 %) and storage losses (10 %). Due
to the high temperature required, the heat pump cannot cover the de-
mand on its own and only provides pre-heating. Due to the large tem-
perature lift, the heat pump also does not work very effectively (high
proportion of electrical energy, SPFuppuw = 2.2). The temperature
required for DHW is covered all year round by the heating rod. This
results in a backup share of 19 % and a system performance factor
SPFsys pyw = 1.8. If the energy input is related to the pure tapping, this
results in an SPFpyy = 1.0. This means that as much electrical energy is
supplied as thermal energy is tapped.

This clearly shows the challenges of heat pump systems for DHW
heating in multi-family-houses due to the high temperatures required:

- Poor performance of the heat pump in DHW operation (SPFyp pgw)
- High proportion of backup required
- High proportion of losses (both storage and circulation losses)

Therefore, the different systems on the market, see chapter 2.1, are
compared with annual simulations in the following. In addition, the
central influencing input variables, i.e. the proportion of losses and the
maximum supply temperature of the heat pump are investigated.

3.1. Influence of the DHW system on the performance of the heat pump
system

The results of the annual simulations of the investigated systems are
shown in Fig. 7. The two central systems 1 and 2 have a low SPFsy; paw of
1.8 due to the high DHW temperatures of 60 °C required and the
resulting high storage and circulation losses (45 % of the energy pro-
vided for DHW heating) as well as the permanent use of the backup. The
following detailed analysis over a 6-hour period includes the tempera-
ture profile in the storage tank with on and off thresholds, temperatures
before and after the heat exchanger, and the heat flow of the two heat
generators in DHW mode (s. Fig. 6). The storage temperature
Tsio,paw 65% and the supply temperature Typ 10, puw decrease to as low as
59 °C and 63 °C, respectively, at 7:00 AM. The heat pump starts oper-
ation with a capacity of ca. 60 kW. Fifteen minutes later, the backup
system activates. The heat pump operation ceases when the storage
temperature Ts, paw 65% reaches 63 °C, while the backup continues until
the supply temperature Ty s paw reaches 68 °C. There are a total of
three starts within the 6-hour period, each lasting approximately 30 to
45 min. The PWH temperature Tpyy fluctuates around 60 °C. Just before
the heat pump activates, the PWH temperature drops. Additionally, the
circulation return temperature Tpyy_¢ is consistently 5 K below the

Epy 4.2 kWh/m?a

9.6 kWh/m?a

Qsrc

Eyp 7.8 kWh/m?a (81 %)

1

1

1

1

1

ol
e Qpwh-¢  7-7 kWh/m?a (36 %)

=

1

1

:
QSta,los 2.1 kWh/mza (10 %)

Fig. 5. Heat pump system in DHW operation: Annual balance of energy flows (System 1).
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Fig. 6. Temperature profile in the storage tank as well as temperatures before and after the heat exchanger and the heat flow of the two heat generators in

DHW mode.
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Fig. 7. Comparison of the investigated hot water systems sorted by the electrical energy consumed.

PWH temperature.

Thereby, the type of return stratification hardly plays a role, also
because the speed of the switchover (valve vs. pump) cannot be depicted
exactly. In addition, the high volume flow of the heat pump leads to
strong mixing within the storage tank, which only initially leads to lower
return temperatures. This also shows that the temperature of the return
flow from the heat exchanger (and thus the heat exchanger effective-
ness) has an important influence on the performance of the heat pump
system.

When focusing on SPFpyy it can be seen that System 1, System 2, and
System 6 consume as much electrical energy as the tapped DHW thermal
energy (SPFpyy = 1), although these systems are quite different.
Adopting decentralized direct electric System 6 results in a substantial
reduction of 46 % in overall energy consumption, primarily due to the
absence of storage and circulation losses.

A slight improvement of 10 % in SPFpyy is achieved with System 5b,

however, with a large portion of electrical backup. System 5a, System 4,
and System 3 have a remarkably lower electrical energy consumption
(around 30 % less than reference System 1 at SPFpyy between 1.4 and
1.5) with negligible share of electrical backup, i. e. the heat for DHW is
provided nearly exclusively by the heat pump. This can be mainly
attributed to the lowered PWH/DHW temperatures which reduce the
losses and enable the heat pump to provide the largest portion of the
heat needed for DHW. Thus, SPFsy; pyw and SPFyp pgw are almost equal
in these three cases.

From second law analysis in section 2.5 we would expect a higher
heat pump efficiency SPFuppuw if the mean heat pump temperature
Tmup decreases. Implementing ultrafiltration module and the resulting
possible temperature reduction of PWH to 48 °C can achieve final energy
reductions of 33 % (System 3). The reduction result from a lower mean
heat pump temperature of Ty, zp = 52.4 °C in DHW operation (System 1:
Tmup = 58.4 °C). So, the temperature lift is lower, and the heat pump can
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operate more efficient. This is consistent with the Carnot efficiency
given in equation (4) and holds true also for the comparison of System
5b, 5a, and 4 with System 1.

The use of the backup is minimized, and storage and circulation
losses can be reduced by 24 %. As a result, the SPFsy; pyw increases to
2.5. However, ultrafiltration results in additional electricity consump-
tion of 0.2 kWh/(m?2a) for this size of MFH which corresponds to 2 % of
the electricity consumption for DHW preparation. Decentralized systems
4 and 5a yield a 15-17 % reduction in storage and circulation losses
attributed to lower temperature in the distribution line. Similar to Sys-
tem 3, the HP can cover the total energy demand, resulting in an
increased SPF due to lower required temperatures. Due to the slightly
higher temperatures in the distribution pipe, the savings are lower
compared to system 3. The overall final energy consumption experiences
a significant decrease of 29 %. Due to the higher pipe diameters required
for the space heating component, a 2-pipe system exhibits higher storage
and circulation losses compared to 4-pipe systems, which is particularly
evident in the overall system comparison. To counteract these issues,
System 5b is regulated via the heating curve, and the necessary tapping
temperature at the tap point is provided by an electric heater. This
approach reduces losses and positions the hybrid system between a 2-
pipe and 4-pipe system, depending on circulation losses.

It must be noted that the heat pump efficiency in terms of SPFyp paw
shows only a slight improvement of around 0.3 (14 %) when comparing
the worst case (System 1) and the best case (System 3). Of course, the
heat pump can provide a much larger share of the required energy in
case of System 3, which is reflected by the increase in SPFsys pyw of 0.7
(39 %) compared to System 1. However, even in System 3 the heat pump
has to supply the DHW system with water up to 56 °C which leads to
large temperature lifts in the winter months that limit the heat pump
efficiency.

The actual energy savings depend on the losses in the reference
system, highlighting the importance of considering system-specific fac-
tors for accurate comparisons.

3.2. Influence of the share of losses in the PWH installation

As written above, the system efficiency of the DHW system is
important and particularly related to circulation losses. To investigate
the influence of the share of losses in the DHW installation on the per-
formance of the heat pump system, additional simulations were carried
out with different heat transfer coefficients of the circulation pipe U =
0.1, 0.252, and 0.555 W/(meK) which corresponds to a share of losses
Tss Of 1/3, 1/2 and 2/3. The results (seasonal performance factor of the
system SPFsypyw and the consumption-based SPFpyy) are shown in
Fig. 8.

The variation in the circulation component within heating systems
has significant implications for efficiency and system performance. The
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most obvious result is the decrease of SPFpyy with increasing U-value of
the circulation pipe as shown in Fig. 8b. This is indicative of increased
energy losses associated with circulation, contributing to reduced
overall system efficiency. The slopes of the lines in Fig. 8b are very
similar, except for System 5b: decentral hybrid IWH as heat is supplied
centrally and decentrally. Due to the higher circulation share provided
by the heat pump with a higher SPF compared to the heating rod, the
relative electricity consumption for DHW is lower with high share of
losses. This is particularly evident at system level (SPFsys puw, Fig. 8a).

As the heat transfer coefficient of the circulation pipe rises, which
corresponds to higher share of losses, the heat pump operates for longer
durations in DHW mode. This prolonged operation leads to higher
average storage temperatures in the lower part, potentially impacting
the overall efficiency of the system. There is a direct correlation between
the circulation percentage and the economic viability of decentralized
electric systems (System 6). As the circulation component increases, the
advantages of adopting a decentralized direct electric system become
more pronounced. This is likely due to the inherent efficiency of direct
electric heating systems in eliminating circulation losses. In summary, a
higher circulation percentage negatively affects the SPFpyy, extends the
operation of the heat pump in DHW mode, and increases the economic
attractiveness of decentralized electric systems. Careful consideration of
the circulation component is crucial when designing or evaluating
heating systems to optimize energy efficiency and economic feasibility.

As can be seen in Fig. 8a, the system performance factor SPFsy; paw
decreases slightly with a higher U-value in the central systems with PWH
= 60 °C (system 1 + 2). Due to the high temperatures required in the
circulation, the average return temperature of the heat pump rises,
which reduces the efficiency of the heat pump and therefore of the
system. In contrast, the system coefficient of performance remains
almost constant in the systems with lowered temperatures (systems 3, 4
and 5a).

In order to investigate the influence of the share of losses on the
economic attractiveness of the decentralized electrical system, Fig. 9
shows SPFpyy as a function of the share of losses and the system per-
formance factor SPFsy, pyw as a contour plot. The greater the share of
losses in DHW preparation, the more efficient the heat pump system
must be in order to be advantageous compared to the decentralized
electric system (by definition SPFpyy = 1, shown as a red line). The
centralized System 1 (1-stage IWH) is only advantageous at share of
losses < 0.45, while the decentralized System 3 (2-stage IWH + UF) with
ultrafiltration and thus lower PWH supply temperature is competitive
even up to share of losses of 0.6.

3.3. Influence of the working temperature operation limit of the heat
pump (WTOL)

As demonstrated in the preceding chapters, the performance of the
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pump system. Results from chapter 3.1 with a U-value of 0,2 W/(meK) are highlighted.
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Fig. 9. Influence of the share of losses in DHW installation on the performance
of the heat pump system.

heat pump system in central systems suffers from its continuous oper-
ation at the limit and due to high share of backup energy. For a better
picture reflecting the market, especially of older heat pump models, this
study will delve into the examination of another heat pump with a
WTOL of 58 °C. Furthermore, to represent the future market, a propane-
based heat pump will be introduced. This refrigerant can accommodate
higher temperatures and will be simulated using a heat pump featuring a
WTOL of 70 °C. These additions aim to provide a comprehensive
portrayal of both historical and prospective heating system trends and
technologies. The results in terms of seasonal performance factor of the
system SPFsy; pyw and the consumption-based SPFpyy) are shown in
Fig. 10.

In central systems (System 1 + 2) operating at PWH of 60 °C, a
notable trend emerges wherein a lower WTOL leads to reduced system
performance SPFsy, pgw and DHW efficiency SPFpwy. This decline pri-
marily stems from the increased reliance on backup energy sources.
Conversely, heat pumps boasting a WTOL of 70 °C demonstrate the
capability to independently fulfill the energy demands of these systems,
resulting in an elevation of both SPF.

In systems operating at lowered temperatures, the impact of WTOL
on performance is negligible. Even heat pumps equipped with lower
WTOL manage to meet entire energy demand. However, the lowered
temperatures contribute to reduced losses and subsequently enhance the
efficiency of the heat pumps. Consequently, the installation of ultrafil-
tration systems alongside heat pumps featuring higher WTOL becomes
advantageous. This not only bolsters the performance of existing heat
pumps with lower WTOL but also fortifies their resilience against fluc-
tuating energy prices.
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4. Discussion

The performance of various DHW systems was studied using the
overall electrical energy consumption, the actual DHW demand and
different SPF values as key performance indicators. It is an interesting
point that the SPFyppuyw alone shows not much variation across the
spectrum of different DHW systems as it ranges between 2.2 and 2.5.
Without relating the actual DHW demand to the input energy —which is
the definition of the SPFpyy — the share of losses is overlooked. In other
words, it must be noted that a high SPFyp paw or a high SPFsy pyw alone
do not guarantee an efficient overall DHW system operation. This can
lead to results that seem absurd at first glance like the increase of
SPFsys prw With higher share of losses in case of System 5b. In this case
the heat pump delivers more and more energy at an increasing efficiency
that is then transferred mainly to the ambient instead of the tapping
points due to a higher share of losses. Thus, it is always necessary to keep
an eye on all key performance indicators to get a realistic picture of the
overall performance.

Regarding the simulation model and its underlying assumptions, the
results must be critically reviewed as they are based on limited datasets:
only one building and one model of the heat pump were examined,
which limits the generalizability of the conclusions. Moreover, the
initial state of the building is crucial as retrofitting measures need in-
dividual analysis. However, these conclusions are also based on certain
assumptions that form the basis of the results: the selected building is a
typical existing building in Germany and the heat pump reflects the
market well due to its performance and WTOL. The diverse system
variants were parameterized based on their datasheets. While employ-
ing real measurement data could have potentially offered a more precise
and realistic representation of the systems, the constrained access to
such data necessitated reliance on the available information sourced
from the datasheets. Additionally, internal heat gains (losses from do-
mestic hot water pipes to cover space heating demand) are not consid-
ered in this analysis.

The legionella safety of ultrafiltration systems remains under inves-
tigation within ongoing research projects. Additionally, the supple-
mentary electricity consumption (0.2 kWh/(m?a), 2 % of the electricity
consumption for DHW preparation) has not been factored into the
calculation of the SPF. Notably, the electricity consumption of apart-
ment substations and central freshwater stations has also not been
accounted for. For example, the average electrical power consumption
of a central fresh water station is around 10-20 W. In year-round
operation, the consumption is therefore 0.04-0.08 kWh/(m?a), which
corresponds to less than 1 % of the electrical consumption for DHW
heating.

Exner et al. [66] recommend lowering the PWH temperature to 55 °C
in central DHW systems with proper installation (e.g. no stagnant pipes)
and continuous verification of correct hydronic balancing using ther-
moelectric circulation valves as a possible energy-saving measure. This
would correspond to a reduction of the final energy consumption for
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Fig. 10. Influence of the working temperature operation limit of the heat pump system. Results from chapter 3.1 with a WTOL of 64 °C are highlighted.
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Fig. 11. Comparison of the influence of the share of losses in DWH installation on the performance of the heat pump system and of a centralized direct elec-

tric system.

DHW of 19 % compared to basic scenario system 1 with WTOL = 64 °C.
The use of ultrafiltration could then save further 19 %.

Furthermore, the analysis is restricted to electrical energy con-
sumption as a proxy for operation costs. The effort required especially
for installing decentralized systems and investment costs were not
factored in, which of course will affect the overall economic evaluation
of the various systems presented here. Since it can be expected that the
installation and investment costs of a direct “all electric” system (either
central or decentral) are lower than the costs for a thermohydraulic
network. However, in an electrified future, the peak electrical power
consumption must be considered in addition to operation and invest-
ment costs. In order to minimize grid expansion in general and also the
additional effort required in existing homes to adapt the connected
electric capacity, the maximum electrical power consumption should be
as low as possible. For instance, according to the tapping profile, the
maximum electrical power for the direct electric system 6 is 119.3 kW
(or 143 kW designed according to VDI 2072 with a simultaneity factor of
0.14 and 35 kW per residential unit) plus the heat pump in space heating
operation. In comparison, central systems 1 and 2 with a WTOL of 64 °C,
for example, where the maximum electric power of the heat pump is
33.8 kW and the electric heater is 8.5 kW, result in a reduction in
maximum electricity power of 64.5 %.

In this discussion, a centralized direct electric system (with circula-
tion losses) is also presented (Fig. 11). Unlike the decentralized direct
electric system, SPFpyy in the centralized direct electric system is
consistently lower than that of systems with a (central) heat pump.
Consequently, the operational costs of the centralized direct electric
system are higher. As losses increase significantly, the performance of
heat pump systems converges with that of direct electric systems.

These limitations highlight areas where further research and
comprehensive analysis are essential to provide a more holistic under-
standing of the systems’ operational aspects, including their energy
consumption and economic viability.

5. Conclusions

As the analysis of measurement data of a typical multi-family house
(2,270 m? heated area) shows, circulation and storage losses make up
approximately 45 % of the energy consumption of the centralized DHW
system with PWH supply temperature of 60 °C. The large share of losses
and the high supply temperatures motivates a subsequent simulation
study. This study allows for performance evaluation of different DHW
concepts applying heat pumps with the aim of reducing the electrical
energy consumption associated with covering the DHW demand.

One of the central results is the insight that a share of losses > 40 %
clearly favors direct, decentralized electric DHW preparation (System 6)
in terms of electrical energy consumption when compared to a
centralized system with temperatures of 60/55 °C (System 1 + 2). In
case of the best performing system based on a thermo-hydraulic
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distribution network (System 3) a maximum share of losses of 58 % can
be accepted until the electrical energy consumption reaches the values
of the direct, decentralized electric DHW preparation (System 6).
Therefore, as a practical guideline for the design of DHW systems with
heat pumps it can be said that share of losses > 30 % should be avoided
(or the performance of the heat pump system needs to be improved),
which can be deduced from Fig. 11. For that, the length of the distri-
bution network should be limited and the requirements for the U-value
of the circulation pipe should be adapted. If it is not possible to reach all
tapping points within the limited length, the most distant tapping points
should then be equipped with direct, decentralized electric IWH units.

Amongst the concepts that reach SPFpyy of > 1.4 the reduction in
electrical energy consumption is achieved by lowering the temperature
in the DHW circuits. As long as system temperatures of 60/55 °C are
required in the regulations for central DHW heating, either decentral-
ized IWH units or — as subject to current research projects — ultrafil-
tration in combination with a 2-stage centralized IWH are possible
options to lower the electrical energy consumption. Of course, the
retrofit of decentralized IWH units will be cost-intensive and hardly an
option if the DHW system has not reached its service life already. If
ultrafiltration succeeds in keeping the legionella concentration below
the permissible limit value, it would be an economically attractive
possibility for retrofitting DHW systems.

If, on the other hand, the PWH outlet temperature is lowered to
around 48 °C for centralized DHW heating in combination with ultra-
filtration — this is associated with a reduction in heat losses of around
25 % in the case under consideration (System 3). The SPFsy, pyw of the
heat pump with WTOL = 64 °C increases from 1.8 to 2.5 and final energy
savings of 20 % can be achieved. In addition, the SPFsypyw already
increases to 2.5 for a heat pump with WTOL = 58 °C, as the heat pump
could cover the entire heat demand without a backup heating element.
Here, the savings in final energy compared to a system with PWH =
60 °C would be over 30 %. This means that retrofitting ultrafiltration can
also make sense for heat pumps already installed with low WTOL.

The results show that when planning new heat pump systems for
efficient DHW operation in the MFH sector, attention must be paid to
several points. First, the installation concept should favor decentralized
IWH units (or ultrafiltration) to lower the system temperatures to
around 50 °C. Second, the length of the piping system has to be critically
reviewed with the option in mind to supply the most distant tapping
points with direct, decentralized electric IWH units. Third, the heat
pump should be selected with an appropriate WTOL to cover the entire
DHW demand. Fourth, to find an economic viable system design in-
vestment costs of the options under consideration have to be evaluated.
In larger systems with many tapping points a multi-criteria optimization
might help to minimize the investment costs and energy consumption to
decide which tapping points should be included in the thermo-hydraulic
distribution network.



M. Kropp et al. Energy & Buildings 328 (2025) 115155

CRediT authorship contribution statement the work reported in this paper.
Michael Kropp: Writing — original draft, Visualization, Validation, Acknowledgements
Software, Methodology, Investigation, Formal analysis, Data curation,
Conceptualization. Manuel Lammle: Project administration, Method- We gratefully acknowledge financial support of the German Federal
ology, Funding acquisition, Conceptualization. Sebastian Herkel: Ministry for Economic Affairs and Climate Action (BMWK) due to an
Writing — review & editing, Supervision. Hans-Martin Henning: enactment of the German Bundestag under grant numbers 03ET1590
Writing - review & editing, Supervision. Andreas Velte-Schafer: (Smartes Quartier KA-Durlach), 03EN3095C (Smartes Quartier KA-
Writing — review & editing, Supervision. Durlach II), 03SBE0001 (LowEx-Bestand), and Viega GmbH & Co. KG.
We would like to thank all project partners for the fruitful cooperation,
Declaration of competing interest especially Fabian Reiter and Christian Schauer from Viega GmbH & Co.
KG for the important discussions on the investigated concepts.
The authors declare that they have no known competing financial Furthermore, we would like to thank Stefan Hess for supporting this
interests or personal relationships that could have appeared to influence work in its early beginnings as a former senior scientist at INATECH.
Appendix

A.1 Methodological approach for the comparison of the 2-pipe system (System 5)

Separate consideration is not possible since heating and domestic hot water (DHW) are transported through the same hydraulic 2-pipe network.
Therefore, the following approach is used to mathematically separate the balancing domains, allowing us to focus solely on DHW. The consumption of
domestic hot water (DHW) in the 2-pipe system (tap, storage, and circulation losses) corresponds to the consumption of DHW in the 4-pipe system. The
additional consumption (storage + circulation losses) is distributed based on the total consumption of the 4-pipe system, with approximately one-third
for DHW and two-thirds for heating. The generation of DHW in the 2-pipe system is equivalent to the generation of DHW in the 4-pipe system. The
additional consumption (storage + circulation losses) is covered by a backup system operating at a higher temperature level. The heating consumption
from the simulation (difference) includes the additional losses from the storage and circulation, accounting for approximately two-thirds of the total
consumption of the 4-pipe system. The heating generation is calculated as the difference between the total generation and the generation for DHW
heating.

QDHW
Qpwh—c, sys5s = Qpwr-csys4 +7QSH + Qurrw (Qpw_c.syss.sim — Qpwr_c.sysa) (A1)
_ Qouw A2
QSto.DHW.Losses. Sys5 — QSto.DHW.Losses.Sys4 + Q ¥ Q (QSto.Losses.SysS,sim - QSto.DHW.Losses.Sys4) ( )
SH DHW

A.2 Heat pump model

The heat pump model is a grey-box model which uses empirical data to model the refrigerant cycle (black-box) based on DIN EN 14511 and
capacities to simulate heat losses in the heat exchangers [46]. To simulate the heat losses, evaporator and condenser volumes were parametrizised
based in the nominal usable heating power of the heat pump (calculation already exists in the model). To keep the computational time low inertia of
the refrigerant cycle was not modeled. The heat pump model uses evaporator inlet temperature and condensor outlet temperature, as well as the
massflows to calculate thermal power and electric power consumption and therefore the COP. The data table used was based on Viessmann Vitocal
300-A 302.B60 [58] (3 condenser outlet temperatures (35 °C, 45 °C, 55 °C) and 11 evaporator inlet temperatures (-22 °C-35 °C).according to DIN EN
14511 were given). The values between are interpolated lineary. To keep the temperatures within the given boundaries of the heat pump the model
operational envelope was used.
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