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Abstract
In this study, an extensive analysis of a desuperheater (DES) applied in a combined solar and
air-source heat pump (ASHP) system for a residential low heating energy building (45 kWh/(m²a))
is carried out using the climatic conditions of Graz. The heat pump system uses R410A as
refrigerant and has a heating capacity of 4.9 kW (@ A-12W35). The main focus of the
investigation lies on the analysis of five different control strategies and types of integration of the
DES into the system. For the investigations a validated TRNSYS heat pump model is
implemented into a system simulation model, which comprises a buffer storage, a thermal solar
collector and the heat distribution and heat dissipation system.
The results show energy saving potentials by applying a DES compared to the reference system
without DES. This is mainly due to the lower amount of heat provided for “direct” domestic hot
water (DHW) preparation by the heat pump. The results for the investigated control strategies
show a maximum increase of the seasonal performance factor (SPF) and electrical energy
savings of 5.3 % and 5.0 %, respectively, for an extra hydraulic loop of the DES with its own
circulation pump. The other four strategies show annual electrical energy savings of about 4 %
compared to the reference system without DES.
Keywords: air-to-water heat pump; desuperheater; heat pump model; combined solar and heat
pump
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Nomenclature
ASHP
Air-source heat pump
BUI
Building
c
Specific heat capacity
Capacity flow (𝑚̇ ∙ 𝑐𝑝 ) in W/K
Cdot
𝐶𝑂𝑃
Coefficient of performance
DHW
Domestic hot water
DES
Desuperheater
𝑓
Factor
GSHP
Ground-source heat pump
HP
Heat pump
𝑚̇
Mass flow rate kg/h
Mfr
Mass flow rate in kg/h
𝑃
Power in kW
Heating capacity in kW
𝑄̇
Q
Energy in kWh
REF
Reference system (without DES)
RIP
Relative inlet position
ROP
Relative Outlet position
SC
Solar Collector loop
SH
Space heating
𝑆𝑃𝐹
Seasonal Performance Factor
T
Temperature in K
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Greek symbols
𝜏
Time in s
𝜆
Thermal conductivity in W/(mK)
𝜋
Pressure ratio

Subscripts
𝑎𝑚𝑏
𝑐𝑜𝑚𝑝
𝑐𝑜𝑛𝑑
𝑐𝑡𝑟
𝐷𝐻𝑊
𝐷𝐸𝑆
𝑒𝑙
ℎ𝑝
in
out
𝑝𝑒𝑛
𝑝𝑢
𝑟𝑒𝑓/𝑟
𝑠𝑐
𝑠𝑒𝑡
𝑆𝐻

TES

Thermal energy storage

𝑠𝑢𝑏

ΔT
var
W

Temperature difference in K
Variable
Work in kJ or kWh or MWh

𝑠𝑦𝑠
th
𝑤

Ambient
Compressor
Condenser
Control devices
Domestic hot water
Desuperheater
Electric
Heat pump or high pressure
Inlet
Outlet
Penalty
Circulation pump
Refrigerant
Solar collector loop
Set point
Space heating
Diff. between discharge temperature and
DES water outlet temperature
System
Thermal Energy in kWhth
Water

Introduction

Heat pumps are widely used for domestic hot water (DHW) preparation and space heating (SH)
and offer the possibility to substitute conventional heating systems (direct electric, oil boiler, gas
boiler etc.) and to reduce the primary energy consumption [1].
Especially air-source heat pumps (ASHP) are widely used in residential heating and cooling
systems due to their low installation costs and their effectiveness [2]. The European heat pump
market shows that air-to-water heat pumps play an important role, reflected in their large market
share [3]. The Austrian heat pump market has also developed towards an increase of air-to-water
heat pumps in the recent decade [4].
Concerning the increasing market share of ASHPs it is of interest to increase the performance of
this technology. One possibility is to implement a desuperheater (DES), which is an additional
small heat exchanger that is installed directly after the compressor and before the actual
condenser of the heat pump. The DES transfers the heat of the superheated refrigerant vapor to
a secondary circuit, which is connected to a thermal energy storage (TES) system, where the
energy can be stored and then used for DHW (directly or indirectly). The condensation of the desuperheated refrigerant takes place in the condenser of the heat pump, which usually transfers
heat to the heating system or to a buffer storage tank. Hence heat pump operation with a DES
usually means a simultaneous preparation of heating water for space heating with a moderate
temperature (30 to 35 °C in case of a floor heating system) and DHW with a relatively high
temperature of 50 to 60 °C. The advantage of this simultaneous operation is that the heat pump
operates at a lower high-side pressure compared to DHW preparation only.
Experimental investigations concerning the thermal performance of a DES for DHW preparation
analyzing the effect of different water and refrigerant inlet temperatures have been performed by
Lee & Jones [5] and they used the data to validate an analytical model [6]. Shao et al. [7] have
done a simulation study using a desuperheater and a preheater for DHW for different modes
of heating and cooling operation in an air-to-water system. They are reporting energy savings
of 31%, which are achieved compared to a system using direct electrical water heating.
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A ground-source heat pump system (water-to-water) used for heating and cooling, equipped with
a desuperheater for DHW preparation was investigated by Cui et al. [8] by means of simulations.
The system was compared to a conventional ground-coupled heat pump system, also using
an electric heater for preparing DHW. However, nearly 95% of the DHW demand can be
covered by the desuperheater system. Biaou and Bernier [9] have studied four systems for
preparing DHW, including a ground-source heat pump with a desuperheater. Also here a
direct comparison between DHW preparation by a heat pump with and without desuperheater
was not performed.
The natural refrigerant ammonia in a low capacity heat pump system with DES has been
investigated by Palm [10] by means of laboratory tests. The results within this study show high
COP values. However, some problems concerning the lack of available components for ammonia,
like a hermetic compressor for ammonia and problems due to poor lubrication are also reported.
A validated GSHP heat pump model with DES has been developed by Blanco et al. [11]. The
authors used the COP as key parameter for the evaluations and stated that the highest COP for
space heating (SH) mode and combined SH and DHW preparation occur at different superheating
degrees. An analysis of the annual performance of a heat pump system with desuperheater was
not performed. In [12] the same authors have done experimental investigations on a monovalent
inverter-driven water-to-water heat pump. Three modes (SH heating only, DHW preparation only
and combined mode) have been examined, where the coefficient of performance was used as
key parameter. An analysis of the annual performance and a comparison to a system without
desuperheater was not performed. In [13] the same authors have performed investigations of the
seasonal performance of a monovalent inverter-driven water-to-water heat pump with a
desuperheater by means of simulations. However, the focus of this study was on control schemes
for different electricity tariff plans in order to minimize costs.
Among the more recent work is Safa et al. [14]. Here a field test study in two buildings has been
carried out under the climatic conditions of Ontario. The obtained and extrapolated measured
results indicate a potential to increase the system efficiency by implementing a DES in GSHPs.
Also recent research work on hybrid renewable microgeneration system for multiple residential
and small office buildings by means of TRNSYS simulations has been done by Entchev et al.
[15]. Within this study three cases were investigated where a conventional system (boiler) was
used as reference case and compared to two GSHP systems (with and without photovoltaic
thermal collector) including a DES for DHW. The results show high potential to save overall
energy by applying renewable systems including DES for DHW in multiple residential and small
office buildings. Within this study the DES is implemented in the overall renewable system but not
analyzed in detail.
Liu et al. [16] have done an experimental study of a multifunctional water source heat pump
system with desuperheater, where in the heating mode, hot water is produced by two-step heating
(two heat exchangers, DES and condenser). Results are based on experiments and an analysis
of the seasonal performance is not reported.
A system, in which the heat pump condenser and desuperheater are integrated into a storage
tank, was presented by Heinz et al. [17]. A simulation model for the system has been developed
and validated with experimental data. An analysis of the seasonal performance of the system was
not yet reported.
Although in literature different studies concerning the use of a DES in heat pump systems can be
found, dealing with both the analysis of the refrigerant cycle and the effect on the overall system
performance, a detailed direct comparison of the annual performance of an ASHP with and
without a DES for DHW preparation under the same boundary conditions cannot be found.
Publications on the use of a DES in combined solar and heat pump systems are also not available
so far.
Based on the literature survey and the increasing market share of ASHP’s the aim of this paper
is to investigate a DES applied in an ASHP in a combined solar heat pump system. Within this
work different options of the system integration and control strategies of the DES are analyzed
and the SPF as well as the electrical energy savings are used as performance figures for the
comparison of a heat pump with and without a DES.
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2

Heat pump model

2.1

Description

The simulation was performed by means of dynamic system simulations in TRNSYS [18] using
the semi-physical heat pump model Type 877 [19]. The model is based on the refrigerant cycle
using the thermodynamic properties of the refrigerant. The modeling of the compressor efficiency
is done by using the overall isentropic efficiency 𝜂𝑖𝑠,𝑜𝑣𝑒𝑟 and the volumetric efficiency 𝜂𝑣𝑜𝑙 , both
depending on the condensation and evaporation temperatures. The heat exchangers are
modeled using UA-values, which are adapted depending on the mass flow rates on both sides,
and the conditions at the inlet of the heat exchanger (mass flow rate, pressure, temperature).
Figure 1 shows on the left side the heat pump cycle with its components like compressor,
desuperheater (DES), condenser, expansion device and the air-source evaporator. The
corresponding temperature-enthalpy-diagram is depicted on the right side. A more detailed
description of the heat pump model and a comparison with measured data can be found in [19].
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Figure 1: Left: Schematic layout of the heat pump cycle including the desuperheater; Right: Corresponding exemplary
process in the temperature-enthalpy-diagram (T-h-diagram) with all heat exchangers active [19]

2.2

Assumptions

Since the focus for the simulations lies on the investigations of the DES, a single speed
compressor is assumed, using a performance map generated from manufacturer data [20]. With
the compressor chosen the heat pump is able to cover the heat load of the building at the design
ambient temperature (3.74 kW @ -12 °C) without any backup system.
Due to the relatively high variation of the mass flow rates on both sides (refrigerant and the
secondary side, water or air) the UA-values of the heat exchangers are varied depending on the
flow rates. For this purpose polynomial functions for the UA-values of condenser and DES (except
evaporator) were set-up based on measurements from a brine-to-water heat pump prototype built
in the laboratory of the Institute of Thermal Engineering. The UA-values for the air-source
evaporator are based on manufacturer data. The superheating at the outlet of the evaporator is
assumed to be at constantly 5 K (e.g. controlled by an electronic expansion valve).
The electrical power consumption of the evaporator fan is also based on manufacturer data. The
nominal electrical power consumption of the fan is 120 W at a speed of 650 rpm at ambient
temperatures below 15 °C. The speed of the fan is constant below an ambient temperature of
15 °C and is linearly reduced above (0 rpm @ 45 °C) in order to stay within the compressor’s
operational limits (max. evaporation temperature).
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A simplification of the heat pump model is that the heat losses of the refrigerant cycle (except the
heat losses of the compressor) as well as the pressure drop in pipes and heat exchangers are
neglected. The start and stop losses are calculated in a simplified way with an exponential
function and a time constant. The defrosting losses are considered in a steady-state manner by
estimating a growth of ice on the evaporator depending on the evaporation temperature and the
temperature and humidity of the ambient air. The estimated heating capacity, which is necessary
for melting the ice on the evaporator, is subtracted from the capacity of the condenser, thus
reducing the COP.
The heat pump model with DES has been validated with data from a heat pump prototype built in
the laboratory, as published in Hengel et al. [21].

3
3.1

System description and boundary conditions
Overall system

The heat pump described in chapter 2 is implemented into a system to evaluate the performance
of the DES by means of simulations, whereby R410A is chosen as refrigerant. Figure 2 shows
the combined solar heat pump system, as described in Bales et al. [22], which is used as
reference system. The main components are the ASHP, the thermal energy storage (TES), the
solar collector loop, the building and its heating system and the DHW tapping integration.
The system layout, which was defined in the European project MacSheep, is based on systems
that are currently suggested and promoted by leading companies in the heating sector in Europe.
Herein a water storage tank is used, which can be charged in parallel from the solar collector loop
and the heat pump system. Both the solar charging (with TSC as temperature sensor) and the
DHW preparation (TDHW) are integrated into the TES via internal heat exchangers. The storage is
filled with the same water as the heating system, which is separated from the DHW by the DHW
heat exchanger. The solar collector loop uses a glycol/water (35%/65%) mixture to prevent
freezing at low ambient temperatures. The heat pump is connected to the store via three pipes,
which can be used like four connections. The upper two pipes are used for charging the upper
part of the TES, which is used for DHW preparation. For charging the volume for space heating
(TSH), which is located in the middle part of the TES, the connection can be switched via two 3way-valves, in order to connect the supply line of the heat pump to the middle port and the return
to the lowest of the three ports. The supply line of the space heat distribution system is also
directly connected to the middle port and the return to the lowest port. When the store is being
charged for space heating, some of the flow will pass via the space heating distribution loop and
the rest will pass through the store. The exact proportions depend on the operating conditions of
the space heating distribution loop (that has a thermostatic valve) and on the flow temperature
from the heat pump. The control strategies of the overall system as well as the heat pump are the
same as published in [22]. The mass flow rate over the condenser is set in order to reach a
temperature difference of 5 K at design ambient conditions.
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Figure 2: Schematic of the combined thermal solar collector and air source reference system with its temperature
sensors for charging the storage (TDHW , TSH, TSC) and to control the heat pump (THP,on/off) as well as flow temperature
to the heating system (Tflow,set) [22]

Table 1 contains the main TRNSYS simulation models, references to the model documentations
and the most important parameters.
Table 1: Most important information concerning the reference system with used models within the simulation
environment, references and parameter settings

Model

Solar Collector /
loop (SC)

TRNSYS
Type
number
T832v500

Type
Documentation

[23]

Parameter / Description
glazed collector:
𝜂0 = 0.793, 𝑎1 = 3.95 W/(m²K), 𝑎2 = 0.0122 W/(m²K²);
inclination: 45°; orientation: south; 9.28 m²
heat exchanger UA-value: 312.5 W/(m²K)
Buffer storage; volume: 0.763 m³, height: 1.74 m;
DHW heat exchanger UA-value: 368 W/(m²K)
HP to TES for DHW,
relative inlet position (RIP): 1.0,
relative outlet Position (ROP): 0.49;
HP to TES for SH,
RIP: 0.49; ROP: 0.26
TES to Building (BUI),
RIP: 0.26, ROP: 0.49
SC to TES:
RIP: 0.45, ROP: 0.0
TES to DHW discharge:
RIP: 0.03, ROP: 0.95
relative sensor positions:
Temperature DHW (TDHW): 0.65
Temperature SH (TSH): 0.44
Temperature SC (TSC): 0.18

Thermal Energy
Storage (TES)

T340

[24]

Heat Pump
(HP)

T877

[19]

Air HP with scroll compressor:
Heating Capacity @A-12W35: 4.85 kW, COP: 2.85
Heating Capacity @A2W35: 7.25 kW, COP: 4.21

Building

T56

[25]

standard type; detailed information in 3.2
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3.2

Climate and building

A climate data set of Graz1 is chosen with a design ambient air temperature of -12 °C and heating
degree days of 3102 Kd/a. The calculation is done with a room temperature of 20 °C.
The assumed building is the reference building from the IEA SHC TASK 44/HPP ANNEX 38
(T44A38) [26], which has a heated floor area of 140 m² and a heating demand of 45 kWh/(m²∙a)
for the climate Strasbourg. For the climate Graz the heating demand is a bit higher with
46.3 kWh/(m²∙a).
With an indoor temperature of 20 °C the design load for heat distribution of the considered building
is 3.74 kW. The supply temperature of the applied floor heating system is 35 °C and the return
temperature is 30 °C at design ambient conditions with a radiator exponent of 1.1. The chosen
heat pump has a heating capacity of 4.85 kW and is thus slightly oversized. As a fraction of the
heating capacity is used by the desuperheater to charge the upper part of the store (compare
section 3.3), it should be ensured that enough capacity is available at the condenser. To satisfy
the comfort level in the building a penalty function is implemented in the calculation of the
seasonal performance factor SPF (equation (3)), which must not exceed 1 % of the space heating
demand [27].
For the DHW draw-off profile a data set from the project MacSheep is used [22]. The annual DHW
heat demand with a temperature difference of 35 K (45 °C DHW temperature and 10 °C cold
water temperature) is 2913 kWh/a, which represents the demand for four persons. Similar as for
space heating a penalty function is implemented (equation (3)), which must not exceed 1 % of
the DHW demand. A description of the used penalty functions for space heating and DHW can
be found in [27]. All simulations with a penalty greater than this are deemed not to fulfil the comfort
requirements and are excluded from evaluation.

3.3

Desuperheater system integration and control strategies

This subchapter describes the control strategies and types of implementation of the DES in the
overall system (Table 2) are investigated in this work.
For all strategies the DES is used in series to the condenser (on the refrigerant side) to charge
the upper part of the TES. Simultaneous preparation of DHW with the DES is always done, when
the heat pump is running in space heating mode. If TDHW is lower than 48 °C, the system switches
to DHW preparation only mode until TDHW reaches 52 °C. In heating mode the heat pump is
started, when TSH drops below Tflow,set minus a hysteresis of 3 K. The heat pump is stopped, when
THP,on/off reaches Tflow,set. If the TES is sufficiently charged, space heating is done out of the TES
and the heat pump is off.
The first four strategies use the hydraulic layout shown in Figure 3, where a part of the total water
mass flow rate (from the condenser) is split at the outlet of the condenser and passes the DES.
The amount of water mass flow rate passing the DES depends on the used control strategy and
is controlled by the 3-way-valve. During direct DHW preparation the DES is used in series to the
condenser (on the water side) with the 3-way-valve fully opened (same water mass flow through
the condenser and the DES).
In strategy 1 the 3-way-valve controls the mass flow rate through the DES in a way to reach the
set point temperature (e.g. 𝑇𝐷𝐸𝑆,𝑠𝑒𝑡 = 57 °C). If the compressor discharge temperature is too low,
𝑇𝐷𝐸𝑆,𝑠𝑒𝑡 is reduced to the discharge temperature minus 1.5 K within the heat pump model.
Strategy 2 uses the 3-way-valve to set a defined temperature difference (e.g. Δ𝑇𝑐𝑜𝑚𝑝 = 2 K)
between the compressor discharge temperature and the water outlet temperature at the DES.
The third strategy also uses the 3-way-valve, but with the difference that the opening degree is
constant, assuming a constant mass flow. In strategy 4 the control valve sets the water mass flow

Based on monthly data (average monthly data of the years 2001 – 2010), hourly values of all parameters
were calculated with the Software METEONORM. The resulting time series represents a “typical year” at
the considered location
1
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rate through the DES in a way to reach the same capacity flow rate (𝑚̇ ∙ 𝑐𝑝 ) on the refrigerant and
the water side.
Table 2: Definition of the implemented DES strategies
No.

Description

Parameter

1

Use of a fixed water temperature at the outlet of the DES

𝑇𝐷𝐸𝑆,𝑠𝑒𝑡

2

Use of a fixed temperature difference between the
compressor discharge temperature and the water outlet
temperature at the DES

Δ𝑇𝑐𝑜𝑚𝑝

3

Use of a fixed water mass flow rate through the DES

𝑚̇𝑤,𝐷𝐸𝑆

4

Equal “capacity flow”2 rates on refrigerant side and water side
of the DES

̇
𝐶𝐷𝐸𝑆

5

DES implementation is independent of the condenser with its
own circulation pump

𝑚̇𝐷𝐸𝑆,𝐸𝑥𝑡𝑟𝑎𝐿𝑜𝑜𝑝

DHW section

TDES

Heat Pump w. DES

TDHW
THP,on/off
TSH

Hydronic system Tflow,set

TSC
Solar thermal collector

Building

Storage section
Figure 3: Schematic layout of adapted combined thermal solar and heat pump system by integrating the DES in the
hydronic system according to strategy 1 to 4

In strategy 5 an extra loop for the DES is used with its own circulation pump (compare Figure 4).
For the circulation pump a high efficiency pump is assumed with a max. electricity consumption
of 10 W. Also the pipe dimension of the connections between the store and the DES (length is
6 m) are reduced from an inner diameter of 25 mm to 8 mm because the DHW only mode (with a
larger water flow rate) is only done via the condenser. For the reduced pipe diameter the pipe
insulation (thermal conductivity is 0.042 W/(mK)) is also reduced from 30 mm to 20 mm. Due to
smaller pipe dimensions the heat losses can be reduced. Cooling down of the top of the TES by
the DES cannot occur, because if the TES is fully charged, the heat pump is off. If the heat pump
is on, the temperature at the middle stage of the TES is lower than the discharge temperature of
the compressor.

2

Capacity flow rate 𝐶̇ is defined as the product of the mass flow rate 𝑚̇ and the specific heat capacity 𝑐𝑝
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Figure 4: Schematic layout of adapted combined solar and heat pump system by integrating the DES in the hydronic
system according to strategy 5
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Key figures

For the comparison of the different systems the electrical power consumption 𝑃𝑒𝑙,𝑠𝑦𝑠 , the
coefficient of performance (𝐶𝑂𝑃) and the seasonal performance factor 𝑆𝑃𝐹𝑠𝑦𝑠 are used, which are
defined as follows (eq. (1) to (3)).

Pel , sys  Pel , hp  Pel , pu  Pel ,ctr

COP 

(1)

Q cond
Pel ,hp

(2)

 Q

8760h

SH



 Q DHW  d

SPFsys  8760h
 Pel ,sys  Pel ,SH , pen  Pel ,DHW , pen  d
0

(3)

 0

Pel ,sys

Electricity consumption of all components (HP, controller, pumps) in kW

Pel ,hp

Electricity consumption of entire HP (compressor, fan, controller) in kW

Pel , pu

Electricity consumption circulation pumps incl. space heating pump in kW

Pel ,ctr
Q

Electricity consumption of all controllers is 0.02 kW

Q SH
Q

Heating capacity space heating in kW

Pel , SH , pen

Penalty space heating in kW [27]

Pel , DHW , pen

Penalty DHW in kW [27]

cond

DHW

Heating capacity of the condenser in kW (incl. DES)
Heating capacity domestic hot water in kW
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Results and Discussion

This chapter shows the results of the simulations that were carried out within this work. On the
one hand steady-state heat pump cycle simulations were performed, in order to provide a better
understanding and a comparison of the different control strategies by illustrating an exemplary
operating point in temperature-enthalpy diagrams. On the other hand annual system simulations
in TRNSYS were performed, in order to compare the annual performance of the different systems
to the reference system. In this context, a variation study was done for each strategy by varying
the parameter listed in Table 2, in order to evaluate the influence on the performance.

5.1

Steady-state analysis

Within this subchapter the steady-state results for an exemplary operating point of the ASHP with
DES are discussed. The steady-state results are shown in T-h-diagrams in Figure 5 for the
different strategies together with the reference system without DES (Ref). For strategy 1 𝑇𝐷𝐸𝑆,𝑠𝑒𝑡
is set to 57 °C, for strategy 2 a temperature difference of 2 K between discharge temperature and
DES outlet temperature is assumed. For strategy 3 a fixed water flow rate of 30 kg/h over the
DES is used. Strategy 4 using equal capacity flow rates on the water and refrigerant side of the
DES and strategy 5 with its own DES-loop with a mass flow rate of 30 kg/h and a water inlet
temperature of 40 °C into the DES are also shown.
For all strategies the same water mass flow rate through the condenser is assumed
(𝑚̇𝑐𝑜𝑛𝑑,𝑤 = 835 kg/h). The UA-values of the condenser and DES are depending on the flow rates
on the refrigerant and water sides, as described in chapter 2. For the strategies 1 to 5 the total
heat exchanger area on the sink side is about 21 % larger due to the additionally implemented
DES.
All five strategies are investigated for an operating condition, which is representative for the
operation during a very large part of the heating season (A2W30). Here, the condenser water
outlet temperature (tw,cond,out) of the reference system is 30 °C. For the systems with DES the
heating capacity of the condenser is lower, as a part of the heat rejected at the high pressure side
is used for the DES. As the same water flow rate is assumed through the condenser, the water
outlet temperature is lower. However, in the system considered here it is assumed that this should
not be a problem, as the heat pump is overdimensioned compared to the heat load of the building
(compare section 3.2).
The detailed results in Table 3 show that the difference in 𝐶𝑂𝑃 between the investigated strategies
1 to 5 compared to the reference system (Ref) is almost negligible. However, system 4 shows a
slightly higher 𝐶𝑂𝑃, which is due to the lowest temperature difference between the condensation
temperature (temperature of saturated vapor on the high pressure side) and the temperature on
the water side of the heat exchanger at the same enthalpy (pinch point). Due to the smaller
temperature difference in the pinch point a lower condensation temperature occurs.
Another point is that the highest 𝐶𝑂𝑃 is obtained by a heat pump system with DES due to the
increased heat exchanger area and in cases where the refrigerant outlet temperature of the DES
is closest to the saturated vapor line. In these cases the condensation temperature is slightly
lower, i.e. a lower 𝜋𝑐𝑜𝑚𝑝 .
Table 3: Detailed results of the steady state investigations at a condition that is representative for the heat pump
operation during a very large part of the heating season (A2W30)
Description
Ref
1
2
3
4
5

𝑡𝑎𝑖𝑟,𝑖𝑛
in °C
2
2
2
2
2
2

𝑡𝑤,𝑐𝑜𝑛𝑑,𝑖𝑛
in °C
23
23
23
23
23
23

𝑡𝑤,𝑐𝑜𝑛𝑑,𝑜𝑢𝑡
in °C
30.4
29.3
29.7
29.4
29.2
29.7

𝑡𝑤,𝐷𝐸𝑆,𝑜𝑢𝑡
in °C
57.0
64.0
58.1
55.0
60.3

𝑡𝑟,𝑐𝑜𝑛𝑑,
in °C
32.99
32.73
32.86
32.75
32.69
32.85

𝑄̇𝐷𝐸𝑆
in kW
1.0
0.7
1.0
1.1
0.7

𝑄̇𝐶𝑜𝑛𝑑
in kW
7.0
6.0
6.3
6.0
5.9
6.3

𝐶𝑂𝑃
4.11
4.13
4.12
4.13
4.14
4.12
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100
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Figure 5: Steady state results of reference system (Ref) and strategy 1 to 5 at exemplary operating conditions (A2W30)
in a temperature-enthalpy diagram for R410A

However, although the 𝐶𝑂𝑃 in the systems with DES is only slightly higher, the DES provides the
benefit that water can be heated to a relatively high temperature at a low condensation
temperature. This results in a higher annual system performance (SPF), which is investigated in
the annual system simulations in the next section.

5.2
5.2.1

Annual system analysis
Reference system

Before analyzing the different strategies for the integration and control of the DES the results of
the reference system are presented in Table 4. For the defined system, the climatic conditions of
Graz and the SFH45 building the seasonal performance factor (SPFsys) is 3.61, the electrical
energy consumption of the whole system is 2603 kWh. Table 4 shows detailed results, especially
for the heat pump system. Figure 6 shows the energy balance of the whole system with its inputs
and outputs.
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Table 4: Detailed results of the annual system
simulation for the reference system
Unit

Reference system

SPFsys

-

3.61

Wel,sys
No. of starts for
DHW
No. of starts for
SH
Start losses
Heat losses
Compressor
Wel,HP,DHW

kWhel

2603

-

287

-

1225

kWhth

200

kWhth

106

kWhel

770

System (thermal active parts only)
14
Energy in MWh

Parameter

Heat Pump Evaporator

10

Solar Collector (direct)
El. Compressor

8

TES Losses

6

Pipe & HX losses
Auxiliary Losses

4

DHW
Space Heat

Wel,HP, SH

kWhel

1599

2

QHP,DHW only

kWhth

1830

0

QHP,SH

kWhth

4857

QHP, DHW DES

kWhth

-

Penalty (SH)

%

0.1

Penalty (DHW)

%

0.3

5.2.2

El. Heater

12

In

Out

Figure 6: Energy balance for the reference system with all
energy inputs into the system (left) and energy outputs (right)

Systems with DES

Figure 7 shows results obtained by annual system simulation for the different control and
implementation strategies of the DES (strategy 1, 2, 3, 5), whereby a variation of a different
parameter is done for each strategy. For strategy 4 this is not possible, the capacity flow is
calculated depending on the operating conditions in every time step during the simulation.
The graphs in Figure 7 show the electrical energy savings compared to the reference system in
percent on the ordinate and the changed parameter of the different strategies on the abscissa.
For strategy 1 the DES outlet temperature is varied from 52 °C to 65 °C. The lowest value is
chosen in order to prevent the system from switching to “direct” DHW preparation, which happens
when TDHW is lower than 48 °C. The highest value is set to 65 °C, because at higher set
temperatures the results do not change significantly, which is due to the compressor discharge
temperature, which is not significantly higher during a large part of the heating season.
The highest electrical energy savings with 4 % compared to the reference system and the highest
increase of the SPFsys of 4.2 % is achieved by a set temperature 𝑇𝐷𝐸𝑆,𝑠𝑒𝑡 of 57 °C. The
temperature difference at the pinch point on the high pressure side is relatively low due to the
high water mass flow rate (compare chapter 5.1) and on the other hand the TES inlet temperature
at the top is relatively high. For 𝑇𝐷𝐸𝑆,𝑠𝑒𝑡 > 57 °C the temperature difference at the pinch point is
increasing due to the lower mass flow rate. For 𝑇𝐷𝐸𝑆,𝑠𝑒𝑡 < 57 °C the energy input via DES into the
TES is lower, so that the heat pump runs more in “direct” DHW preparation mode, which causes
a lower efficiency.
The top right figure represents the results for strategy 2, in which the DES outlet temperature
depends on the compressor discharge temperature. The highest electrical energy savings are
obtained for a temperature difference of 9.5 to 10 K with about 3.9 %.

12

T_DES
4.0
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Figure 7: Annual system simulation results of the variation study for the strategies 1, 2, 3 and 5 by using different
values for the parameters

For strategy 3 (bottom left in Figure 7), in which a fixed water flow rate through the DES 𝑚̇𝑤,𝐷𝐸𝑆
is used, the highest electrical energy savings of 3.9 % are obtained for a flow rate of
30 to 35 kg/h. As discussed before this point represents a good compromise between the
temperature difference in the pinch point and a high inlet temperature into the TES.
Strategy 4, in which the same capacity flow is used on the water and refrigerant side, shows a
SPF improvement of 3.8 % and electrical energy savings of 3.8 % compared to the reference
system.
The results for strategy 5 (bottom right of Figure 7) show qualitatively the same results as for
strategy 3 but with higher electrical energy savings (5 % at about 30 kg/h), although an additional
circulation pump for the DES loop is implemented. This is due to the lower heat losses of the
connection pipes (210 kWh) compared to strategy 3 (301 kWh). Due to the reduced heat losses
the “direct” DHW preparation can also be reduced from 871 kWh (for strategy 3) to 801 kWh.
For all strategies the improvement of SPFsys as well as the electrical energy savings compared to
the reference system is mainly due to the reduction of the “direct” DHW preparation.
5.2.3

Strategy 1 vs. reference system

Within this chapter it is discussed, why a system with DES yields a higher performance than a
heat pump system without DES, by analyzing the results of strategy 1 and the reference system.
The reason for analyzing strategy 1 is the simple integration (no extra loop), the simple control
strategy, e.g. no calculation of capacity flow rates as discussed in strategy 4, and the good
performance (compare Figure 7).
The results of the system simulations for the reference system show a seasonal performance
factor SPFsys of 3.61 and an annual electricity consumption W el,sys of 2603 kWh. With strategy 1
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and an outlet temperature of 57 °C the SPFsys can be increased by about 4.2 %, corresponding
with electricity savings of about 4 % (compare Table 5). This is mainly due to simultaneous DHW
preparation during space heating mode with higher temperatures by implementing a DES. The
electrical energy consumption for direct DHW operation W el,HP,DHW can be reduced from 770 kWh
for the reference system to 364 kWh for strategy 1. In addition, Figure 8 shows the energy balance
of strategy 1 with its inputs (left) and outputs (right).
Another advantage of using a DES is that the total number of compressor starts (for DHW and
SH) can be reduced, which should result in an extension of the compressor’s life-time.
Table 5: Detailed results of the annual system simulation for strategy 1 and 𝐭 𝐃𝐄𝐒,𝐬𝐞𝐭 = 57 °C and changes
compared to the reference system
Strat. 1

SPFsys

3.76

Rel. Diff.
to Ref.
(+4.2 %)

2498

(-4 %)

206

(-40 %)

1161

(-5 %)

Wel,sys
No. of starts for
“direct” DHW
No. of starts for SH

kWhel

Start losses
Heat losses
Compressor
Wel,HP,DHW

kWhth

193

(-4 %)

kWhth

101

(-5 %)

kWhel

364

(-53 %)

Wel,HP, SH

kWhel

1893

(+18 %)

QHP,DHW only

kWhth

907

(-50 %)

QHP,SH

kWhth

4964

(+2 %)

QHP, DHW DES

kWhth

+1362

Penalty (SH)

%

0.2

Penalty (DHW)

%

0.3

6

System (thermal active parts only)
14
Energy in MWh

Parameter

El. Heater

12

Heat Pump Evaporator

10

Solar Collector (direct)
El. Compressor

8

TES Losses

6

Pipe & HX losses
Auxiliary Losses

4

DHW

2

Space Heat

0
In

Out

Figure 8: Energy balance of strategy 1 (𝒕𝑫𝑬𝑺,𝒔𝒆𝒕 = 57 °C)
with all energy inputs into the system (left)
and energy outputs (right)

Conclusions

This paper deals with an extensive analysis of a DES applied in a combined solar and ASHP
system for a residential low energy building (SFH45) under the central European climatic
conditions of Graz. Within this article five different control strategies and types of implementation
of a DES are studied.
For the investigations a validated heat pump model in TRNSYS is used. After defining the
boundary conditions steady-state and annual simulations are carried out with the aim to analyze
the energetic improvement by applying a DES. For the comparison between the reference system
and the five strategies key figures are defined. In order to ensure the comfort level for the space
heating and for DHW, penalty functions are implemented, which must not exceed 1 %.
The steady-state analysis of the different DES strategies at a typical operating condition during
the heating season (A2W30) shows that there are only small differences of the 𝐶𝑂𝑃. Strategy 4
shows the highest 𝐶𝑂𝑃 due to the lowest condensation temperature. Another finding is that the
lowest pressure ratio (highest 𝐶𝑂𝑃) is obtained in cases where the refrigerant outlet temperature
of the DES is close to the saturated vapor line.
Annual system simulations for the considered combined solar and heat pump system with the five
strategies are compared and analyzed. All strategies with DES result in a higher SPFsys and a
reduced annual electricity consumption W el,sys. This is mainly due to the reduced amount of heat
provided by the HP in direct DHW mode. Strategy five with an extra DES loop to the thermal
energy storage yields the highest improvement of the SPFsys (about 5.3 %) and shows the highest
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savings in W el,sys (5 %) compared to the reference system. The improvement compared to the
other DES strategies is mainly due to the lower heat losses of the connecting pipes because of
the smaller dimension (inner diameter reduced from 25 mm to 8 mm), which leads to a higher
reduction of the “direct” DHW preparation of the system, although an additional circulation pump
is needed. However, strategy 1 to 4 also achieve electrical energy savings of about 4 %.
Lastly strategy 1 with the maximum electrical energy savings (𝑡𝐷𝐸𝑆,𝑠𝑒𝑡 = 57 °𝐶) of all investigated
strategies is compared in detail with the reference system. On the overall system level electrical
energy savings of about 4 % are achieved, the electricity consumption for “direct” DHW
preparation are reduced by 53 %. Also a reduction of the total number of compressor starts is
possible due to the DES, possibly enabling an extension of the compressor’s life-time.
Although this paper contains an extensive theoretical analysis of applying a DES in a heat pump
system, some further questions can be raised. For instance investigations on air-source heat
pumps with variable speed compressors could be performed in order to observe the
improvements in case of a reduction of the compressor speed during partial load.
Reducing the pipe lengths between the DES and the TES would be advantageous, because the
heat losses could be minimized. This is evident in the results of strategy 5, in which higher savings
are achieved compared to the other strategies due to a reduced pipe diameter. A reduction of the
pipe lengths would enable additional savings for all investigated strategies.
Furthermore the influence of the fraction of the DHW demand on the total heat demand and the
influence of the flow temperatures of the space heating system could be studied in future work.
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