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Abstract
This study describes the development of operational strategies for an exhaust air heat
pump system that supplies space heating and domestic hot water. The system combines
photovoltaic power production with two different storage types. These are electrical
storage using batteries and thermal storage in using a domestic hot water tank and in form
of the thermal capacity of the building. The investigation of the control strategies is carried
out for a detailed single family house model in Sweden in the simulation software
TRNSYS. The overall aim of the control strategies is to improve the performance of the
energy system in terms of self-consumption, self-sufficiency, final energy and seasonal
performance factor. Three algorithms are developed and compared to a base case without
additional control. The first algorithm only uses the thermal storage in the hot water tank
and the building. The second uses only the battery to store the photovoltaic electricity. The
third control algorithm combines both storage types, electrical and thermal.
The simulation results show that for the studied system the energetic improvement is
higher with the use of electrical storage compared to using thermal storage. The biggest
improvement however is reached with the third algorithm, using both storage types in
combination. For the case of a photovoltaic-system with 9 kW and battery store with 10.8
kWh and a 180 l hot water store the self-consumption reaches up to 51 % with a solar
fraction of 41 %. The reduction in final energy consumption for this case is 3057 kWh
(31 %) with the heat pump having a seasonal performance factor of 2.6. The highest selfconsumption is reached with a photovoltaic-system of 3 kW and battery store with 3.6
kWh, which comes to 71 %.
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𝑆± (𝑡)
𝑆𝐶
𝑆𝐹
𝑆𝐻𝑓𝑒𝑒𝑑𝑏𝑎𝑐𝑘
𝑆𝐻𝑂𝑁
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%
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absolute temperature difference between zones i and j
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heat capacity of air
heat capacity of water
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final energy
fractional state of charge of the battery
gravitational constant
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heat transfer coefficient between connected zones
instantaneous electrical load
instantaneous self-consumed PV-production
actual water mass flow rate through the heat pump
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electric power consumption of the appliances
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PV power production
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°C
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𝑇𝐼𝑀𝐸
𝑇𝑚𝑖−𝑗
𝑉̇𝑖−𝑗
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h
K
l/s
m

temperature of domestic hot water demand
heat pump water inlet temperature
heat pump water outlet temperature
temperature of zone i
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actual space heating supply temperature
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1 Introduction
The form of energy supply for single and multi-family houses in Nordic countries has
continuously been developed and changed over the recent years. As of 2013, 22 % of the
total energy demand in Sweden is consumed by the residential sector (International Energy
Agency 2013). With the background of a global climate change political agendas like the
EU-wide 2030 Energy Framework have been initiated, wherein goals for reducing
greenhouse gas emission by 40 % compared to the level of 1990 have been formulated.
Also on a national level, various initiatives have been undertaken to integrate renewable
energies in the energy network.
The end user energy consumption of electricity in Sweden amounted in 15 TWh in 2013.
Half of the Swedish single- or double family houses are equipped with a heat pump. This is
equal to about 1 million installations (Swedish Energy Agency 2015). Since it is desirable to
utilize as much of PV-produced electricity in the system as possible the application of
electrical storages experience increasing popularity among the research and development
society.
Together with Uppsala University there is a research collaboration on ﬂexile houses on the
grid. As part of this collaboration a project with two Swedish companies, NIBE and
FerroAmp, is carried out. The goal of the project is to design a PV assisted exhaust air heat
pump system with electrical and thermal energy store. This study investigates the
combination of both storage technologies and their interconnection with help of a heat
pump.

1.1 Aims
The aim of this work is to develop three operational strategies for a home energy system.
This includes the development of an interconnected model system in the simulation tool
TRNSYS, the implementation of different control strategies for the system as well as their
performance analysis and energetic evaluation. The three algorithms focus on:




Using the heat pump and thermal stores for domestic hot water and space heating
Using the electrical storage in batteries
Making use of both storage technologies in combination

The overall aim of the control algorithms is to minimize the bought electricity from the
grid and to increase the self-consumption and solar fraction of the system. The study is
conducted with a focus on an energetic evaluation of the system, an economic evaluation
is not part of the study.

1.2 Method
A detailed model for a Swedish single family building was designed in TRNSYS by
(Persson & Heier 2010). The building is simulated in the climatic location of Norrköping,
Sweden. High time resolution data (one-minute steps) for this location are provided by the
Swedish meteorological institute SMHI. Loads in the house like the electric power
consumption of different appliances or the occupancy of persons are also in minute time
steps, excluding the domestic hot water profile, which is in two-minute steps. The
boundary conditions for the heat pump and the PV-system are provided by Nibe and
Ferroamp. The model system is simulated for one year with weather data from 2007. A
base case control for the system is designed and set as reference for the comparison of
three different control strategies. The project steps are:
1






Construction of simulation template, using:
o high time resolution data for weather and load profiles
o integrate heat pump model in existing building model (type56)
Design and implementation of control strategies
o Check of mass- and energy balances to ensure correct functionality
TRNSYS simulation for one year in one minute time steps
Analysis of simulation results and comparison of control strategies

1.3 Previous work
1.3.1. Heat pumps in smart grids
The application of heat pumps for single family houses has widely proved to be an energy
and cost efficient implementation of a new energy technology. Depending on the used
heat pump technology the control strategy of the system has to ensure an optimal
utilization of energy flows. In the context of smart grids three main fields of applications
have been identified by (Fischer & Madani 2017). These are (1) grid-focused, where the
operation of the heat pump system is designed to ensure a secure and cost-effective use of
the electric grid. (2) Price-focused, where the operation of the heat pump is dependent on
the electricity price in the grid and aiming at the target of minimum cost of operations of
the system. And (3) with a focus on renewable energies, where the aim is to maximize the
usage of prosumer electricity, generated by wind or PV. It was shown that especially points
(2) and (3) are very likely to occur simultaneously. The review article also highlighted the
importance of the control strategies for the systems, in order to successfully use timedependent renewable energy sources. Here a separation of controls in non-predictive (rule
based) and predictive (model-free, model based and stochastic) was made.
As described in (Arteconi et al. 2013) the demand side management (DSM) was identified
as a major role in the successful implementation of heat pump systems. With the use of a
thermal energy storage the operation times of the heat pumps can be shifted to times of
the day when electricity is cheaper, resulting not only in a more economical way of running
the energy system, but also in a shaving off the peaks of electric energy demand.

1.3.2. Storage technologies
With the increasing interest in self-consumption, the role of storages in the energy system
got more important. For the application of demand side management, load shifting and
other strategies involved in renewable energies, storages become inevitable. The storage
offers the needed flexibility of the system in times where there is user-demand and no
energy production. The energy production in this case is referred to as the on-site
production by renewable sources like wind, solar thermal or PV. Depending on the used
energy conversion technology there are two general options for storing; thermal and
electrical storage.
Thermal storages
In this study two different types of thermal storage are used. These are, one, a hot water
tank for DHW storage and, second, the thermal mass of the building used for the so called
building activation. The capacity of the thermal storages is limited by their external
constrains. For the DHW storage capacity the maximum temperature is defined by the
thermal capabilities of the heat pump, the used storage medium as well as the design of the
storage itself. Extensive research on the field of hot water storages, their design, charging
and integration in energy systems have been undertaken; especially in the context of
2

renewable energy technologies like solar thermal and air- and ground sourced heat pumps
(Bales et al. 2014; Poppi et al. 2016). For the storage in buildings mainly the building mass
and heat capacity are decisive. Here a limitation is that the thermal comfort of the
inhabitants is not to be impaired by additional solar and internal heat gains. Potentials of
using the thermal mass of a building as a storage have been shown in several research
projects (Le Dréau & Heiselberg 2016; Masy et al. 2015).
Electrical storages
The second storage technology is using the storage of electricity in batteries. The batteries
are used to store on-site produced PV-electricity for later use in the building. Various
electrical storage technologies have been developed over the years. Long-standing and
well-known methods such as Pb-acid are successively replaced by new technologies such
as Li-ion or NaNiCl. Both of which are characterized by their longevity and high loadbearing capacity (Chatzivasileiadi et al. 2013). In the presented study Li-Ion batteries are
used.

1.3.3. Self-consumption/self-sufficiency
Related to the subject of energy storage, the topic of self-consumption, especially of PVelectricity, has experienced growing popularity among industry and researchers in the
recent years. According to (Thygesen & Karlsson 2014) a heat pump system with 5.2 kW
PV and a battery store with a capacity of 48 kWh (70° tilt, southward-facing) can provide
up to 89 % of annual electrical self-consumption. With a hot water tank instead of the
electrical store, the same level of self-consumption can be reached, but at half the levelized
costs of electricity.
Highlighting the positive aspects - energetically, monetary, technically and environmentally
- (Luthander et al. 2015) investigated the current research in this topic. Concentrating on
two ways of improving self-consumption. These are, one, the implementation of an energy
storage and, second, the management of the load side demand (DSM), whereas it was
found, that there is a higher potential for increasing self-consumption with the use of
battery stores than for the DSM.
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2 Simulation study
This part describes the methods of the experiment. The energy system will be shortly
described and the boundary conditions for the simulation explained. After that the used
simulation models and their integration in the simulation deck are covered. This section
will finish on the control strategies.

2.1 System description
The central component of the projected energy system is the exhaust air heat pump F750
of NIBE with a maximum thermal capacity of 5 kW. The heat pump is also equipped with
an additional electrical auxiliary heater with a capacity of up to 6.5 kW, to cover up for
higher instantaneous heat demands.

Figure 2.1: Overview of the proposed home energy system.
The PV-produced electricity can be stored in a battery or be fed to the grid. The electricity
for the end-user consumption can directly be received from the Battery. Electric power
can also be delivered to the heat pump, which then supplies heat to cover the DHW and
the SH demand. While the hot water for DHW preparation is stored in a 180 l hot water
tank the SH load is delivered directly to the building. A small 25 l buffer is included in the
heating circuit but only serves as an expansion vessel. In case the heat pumps thermal
capacity is not sufficient to cover the thermal loads, the auxiliary heater can supply
additional heat. In Table 2.1 the main specifications of the exhaust air heat pump F750 are
summarized.
Table 2.1: Main specifications of the exhaust air pump F750.
Preference
Electric compressor power [kW]
Thermal power output of heat pump [kW]
Heat pump COP
Auxiliary heater power [kW]

4

Value
0.27 – 2.05
1.14 – 4.99
2.4 – 4.7
0.5 – 6.5

2.2 Boundary Conditions
In order to give comparable results for the system simulation, boundary conditions need to
be established. This includes the description of the house, its dimensions and thermal
properties, the used weather data of the location as well as the load profiles of the endusers thermal and electrical demand. Since the analysis of the systems is only by energetic
means, energy prices are not included.

2.2.1. House model
This part describes the construction of the house model. This includes the description of
the building elements like walls, floors and windows, the thermal coupling of the building
with the ground, the orientation and other building structure related aspects.
Architectural description
The house that is modeled in this study is a typical Swedish single floor single family
house. In a project of (Persson & Heier 2010) on energy efficiency of heating systems in
single family houses a detailed house model has been developed. The model represents a
single floor house with a gabled roof (tilt=27°) and entrance. The architectural
specifications are held after the model “Domherren” from the Swedish real estate
company (Fiskarhedenvillan 2015). In the simulation, the house represents an insulation
standard of SFH1001, with regular thermal properties. The key data of the house are
summarized in Table 2.2.
Table 2.2: Key figures of the house.
Parameter
Outer walls
Roof area
Heated floor area
Windows
Door
Overall U-value

Total Area [m²]
107
153
143
24
5

Insulation thickness [m]

U-value [W/m²/K]

0.26
0.50
0.30

0.17
0.08
0.10
0.98
0.54
0.16

A picture of the south facing façade with entrance and of the ground floor plan are shown
below.

Façade, Entrance,
Roof (27°)

1

SFH100: Single family house with an annual heating demand of 100 kWh/m2/a
5

Zone
Zone 5

4

Floor plan

Zone
3

Zone 1

Zone 6

Zone 2

Figure 2.2: External view and ground floor plan of the simulated building (Fiskarhedenvillan 2015).
Definition of zones and door opening
The house model consists of 6 different zones (see Figure 2.2). The zones are connected
with door openings and allow mass and hence heat transfer among each other. The
considered rooms with their specifications are listed below.
Table 2.3: Key figures of the defined Zones.
Zone
Living room
Kitchen
Utility room
Bath room
Sleeping room 1
Sleeping room 2

1
2
3
4
5
6

Floor area
[m²]
57
22.8
9.1
8
13.4
36

volume
[m³]
137
55
22
19
32
86.4

Set temperatures
[°C]
21±1
21±1
20±1
22±1
20±1
20±1

The air temperature is different from zone to zone, which leads to a natural convection of
the air masses. The door openings are shown in Figure 2.2 and are considered to be open
throughout the whole year. The door between zone 4 and 6 (bath room door) is modeled
as to be always closed. The heat transfer calculation implemented in the SWX-house
model is defined by (Barakat 1987) with following formula.
Equation 1

𝑃𝑖−𝑗 = 𝜌𝐴𝑖𝑟 ∗ 𝑐𝑝𝐴𝑖𝑟 ∗ 𝑉̇𝑖−𝑗 ∗ |Δ𝑇𝑖−𝑗 |

The absolute heat transferred 𝑃𝑖−𝑗 is calculated with the volume mass flow 𝑉̇𝑖−𝑗 and the
absolute temperature difference |Δ𝑇𝑖−𝑗 | between zone 𝑖 and 𝑗. Where the volume flow is
defined as:
Equation 2

𝑉̇𝑖−𝑗 = 𝑘𝑘𝑜𝑒𝑓 ∗

𝑤𝑖−𝑗
|Δ𝑇𝑖−𝑗 |
∗ √𝑔 ∗
∗ ℎ𝑖−𝑗 3
3
𝑇𝑚𝑖−𝑗

The calculation considers the convective heat transfer coefficient 𝑘𝑘𝑜𝑒𝑓 , the width and
height of the door opening 𝑤𝑖−𝑗 , ℎ𝑖−𝑗 as well as the mean temperature 𝑇𝑚𝑖−𝑗 of the two
considered rooms.
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Equation 3

𝑇𝑚𝑖−𝑗 =

(𝑇𝑖 + 𝑇𝑗 )
+ 273.15
2

The dimensions of the door openings are summarized in Table 2.4.
Table 2.4: Dimensions of door openings between connected zones.
Zones
i
j
1
6
1
2
2
3
2
5

Dimensions
w [m]
h [m]
0.8
2.0
2.1
2.0
0.8
2.0
0.8
2.0

Heat transferred between the rooms is accounted positively for the room with lower
temperature and negatively for the room with higher temperature. As an example, for the
case that the temperature of zone 1 is bigger than 6, the heat amount +𝑃1−6 is added to
zone 6 and the heat amount −𝑃1−6 is subtracted from zone 1.

2.2.2. Weather data
The building is simulated in Norrköping, Sweden (58.6°N, 16.2°E) representing a typical
south Swedish climate. The weather data for this location are provided by the SMHI,
which are in a high time resolution of one minute. In the following the characteristics of
the weather data of the year 2007 are summarized. The radiation values of the provided
data are shown as the average daily global horizontal radiation for each according month.
Also average, maximum and minimum temperatures of the months are shown in Figure
2.3.

Figure 2.3: Weather data of Norrköping 2007, represented in daily values. 𝑇𝐴𝑣𝑔 is the daily average
temperature with the min/max variation shown as 𝑉𝑎𝑟𝑇 . 𝐼𝐺𝐻 is the daily sum of horizontal global
radiation.
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Fresh water temperatures
The fresh water temperatures are dependent on the time of the year. In Task 32 (Heimrath
& Haller 2007) used a function with variables dependent on the location of the building.
The reference house of Task 32 was simulated in different locations, within those also
Stockholm. Since the location of this project in Norrköping is geographically close, the
according values of Stockholm where used.
Equation 4

𝑇𝐶𝑊 = 𝑇𝐶𝑊𝐴𝑣 + 𝑑𝑇𝐴𝑀𝑃 ∗ 𝑠𝑖𝑛 (360 ∗

(𝑇𝐼𝑀𝐸 + 24 ⋅ (273.75 − 𝑑𝑡𝑠ℎ𝑖𝑓𝑡 ))
8760

𝑇𝐶𝑊𝐴𝑣 [°C]

8.5

Average yearly cold water temperature

𝑑𝑇𝐴𝑀𝑃 [K]

3.2

Amplitude of cold water temperature change

TIME [h]
𝑑𝑡𝑠ℎ𝑖𝑓𝑡 [d]

)

Time of the year
80

Shift of day with minimum cold water temperature (01. Jan = 0)

Soil temperatures
The ground connection of the building is simulated with a constant temperature over the
whole year. The influence of the building on the ground temperatures is not taken into
account. Never the less the heat loss from the building to the ground is considered. The
assumed ground temperature for Norrköping is 10 °C.

2.2.3. Occupancy
The house is used by 4 occupants, two adults and two children. The occupants contribute
to the internal thermal gains in the building. An activity profile for a single family was
created by Joakim Widén, Uppsala University, using a Markov-Chain approach to
stochastically determine the activity and duration of activity as described by (Sandels et al.
2014; Widén & Wäckelgård 2010). The metabolic heat contribution is summarized in
Table 2.5.
Table 2.5: Summarization of the occupancy load.
Parameter
Average metabolic rate [W/pers]
Internal gains from occupants [kWh/a]

Value
90
1993.2

The load profile is represented as a list file with values in a one-minute resolution for a
whole year. An excerpt of the occupancy file is shown in Figure 2.4.

2.2.4. Electricity consumption
According to the related activity of the occupants an electric load profile is constructed.
The electric power demand is brought together from eight different appliances that can be
used by the occupant. The different appliances are for example the stove, the washing
machine or the dryer, with each having a specified electric power demand. Detailed
information about the electric load and the occupancy profile are described in Electricity
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consumption. The essential data of the consumption profile are shown in Table 2.6 and an
excerpt of the total instantaneous power demand is shown in Figure 2.4.
Table 2.6: Summarization of the electric load profile.
Parameter
Electric energy demand [kWh]
Maximum instantaneous power demand [W]

Value
3440.5
5650

The thermal gains of the electric appliances contribute to the internal climate of the
according zones. In the simulation the thermal gains are modeled as sensitive.

2.2.5. Domestic Hot Water (DHW) load
The DHW consumption is derived from the MacSheep project (Bales et al. 2014). The
profile used in this project was developed with the calculation tool DHWcalc2 and is
designed for a single family household. The approach for this profile is to cover a wide
range of flow rates and to have frequent but short tappings. The profile data are
summarized in Table 2.7 and also plotted in Figure 2.4.
Table 2.7: Summarization of the DHW consumption profile.
Parameter
Total annual draw-off [m³]
Average number of tappings per day [-]
Maximum flow rate [kg/h]
Minimum flow rate [kg/h]
Annual DHW energy demand [kWh]

Value
70
28.8
2.64
941.99
2968.2

The occupancy and the electric power demand profiles are provided with a time resolution
of one minute, while the DHW proﬁle is in two minute time steps.

2

http://www.solar.uni-kassel.de/
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Figure 2.4: Overview of the load profile for occupancy, electricity and DHW consumption for 10. Apr-11.
Apr.
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2.3 Base Case
In Figure 2.5 the system base case system with its main components and connected driving
energies is shown in a square view diagram. The gray areas represent the boundary
conditions that are defined by the local conditions of the house. The white area contains
the main system components that are investigated.

Sun
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air

PV array

Grid

Charge
controller

Space
heating

Heat pump
+ Auxiliary

DHW
store

DHW

Electric
load
Solar radiation
Air
Electricity
Water

Figure 2.5: Square view diagram of the packaged home energy system.
In order to describe the base system in Figure 2.5, the system is shown without a battery.
For the application of the control strategies the square view diagram is extended later on.
The following paragraphs describe the system as represented in TRNSYS. It is to be
understood as a translation from the real system into the simulation tool. This includes the
mathematical representation of the actual physical components as well as the explanation
of limitations, simplifications and assumptions that are made.
NOTE: Appendix 6.2 (Simulation parameters and LIST-files) contains data sheets and the
TRNSYS-generated list (*.lst) files of the main components.

2.3.1. PV and battery system
For the simulation the PV-modules Canadian Solar CS6P-260P (Canadian Solar Inc. 2016)
are used. These are polycrystalline Silicon modules with a nominal power of 260 W. In the
base case the PV-array consists of 12 modules connected in series with a nominal DC
output power of 3.12 kW. The modules are mounted on the south-facing roof of the
house with an inclination of 27°. In order to increase the yearly energy output from the PV
system the azimuth of the modules in this study was chosen to be at 0° (south-facing).
There are three different PV-system sizes available on the market, varying in capacity from
3.12 to 5.7 and 9.36 kW.
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In order to increase self-consumption the system is extended with a battery bank. The
used batteries are of the Lithium-ion type, with an assumed C-rate of 1. The capacities of
the battery systems are 3.6, 7.2 and 10.8 kWh. The different sizes of PV- and battery
system are used for a parametric study. In Table 2.8 an overview of the main figures is
given.
Table 2.8: Parameters of the PV and battery system.
Preference
Capacity PV [kW]
Module area [m²]
Inverter efficiency [%]
PV tilt []
PV azimuth []
Capacity battery [kWh]
Battery technology
Battery losses [%]

Quantity/name
5.7
9.36
35.2
57.2
97.7
27
0
3.6
7.2
10.8
Lithium-ion
10

3.12
19.3

PV-Array
In the simulation, the PV-array is represented with type194b. This type represents both, the
PV-array and the DC-AC inverter. The electrical power output of the PV-array is
calculated according to the five parameter model described by (De Soto et al. 2006). The
main parameters used as input in type194b are summarized in the Appendix 6.2.1. The roof
of the house is 153 m² with half of the surface facing south, 76.5 m² respectively. The PVArray is modeled as one string with the same slope and elevation for all modules.
Inverter
The type149b also embodies the inverter of the PV-system. Depending on the DC-power
input and voltage of the PV-array the model returns the AC-power output of the inverter.
These inputs are used as sample points to interpolate to the according efficiency of a
predefined inverter. With the inverter efficiency the final AC power output is calculated.
The used inverter in this study is the model StecaGrid 3010 (Steca Elektronik GmbH
2016).
Table 2.9: Specifications of the inverter StecaGrid 3010 in type 194b.
Preference
Maximum input power [W]
Min input voltage [V]
Max input voltage [V]

Value
3100
100
600

Battery
The batteries that are used to store PV electricity are of the Li-Ion type. The charging
efficiency of the batteries is assumed to be 90 % and the fractional state of charge (fSOC)
is allowed to be between 10 and 95 %. Three different storage sizes are tested, each with
increased capacities. The smallest battery consists of 24 cells with a capacity of 150 Wh
each. The cells are connected in series, giving a total capacity of 3.6 kWh. The two other
systems available are with higher a higher cell capacity resulting in higher storage
capacities, 7.2 and 10.8 kWh, respectively. Configurations and capacities are shown in
Table 2.10.
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Table 2.10: Specifications of the battery system.
Preference
Cell capacity [Wh]
Cells in series [-]
Total capacity [Wh]
Dis-/Charging
efficiency [%]
Min fSOC [%]
Max fSOC [%]

Value
150 300
450
24
3600 7200 10800
90
10
95

The used TRNSYS component for the battery is type47a. The model of the battery is based
on a simple energy balance. Only the charging/discharging power is considered and with
that the state of charge is calculated. The internal behavior of the battery is not modeled
and parameters like current and voltage or effects like degradation are not taken into
consideration.
Charge controller
For the charge controller the TRNSYS type48b is used. The underlining principle of this
type is comparatively simple. Whenever there is an electric power demand from the user
the charge controller sends this amount to the appliances and the heat pump, respectively.
If there is PV-power production, electricity is either sent to the load, to the battery or sold
to the utility.

Figure 2.6: Scheme of the charge controller, showing PV-produced power 𝑃(𝑡), the end user electric load
including heat pump and auxiliary 𝐿(𝑡), power to and from the battery 𝑆± (𝑡) and power to and from the
grid 𝐺± (𝑡).
In order to decide if the battery should be discharged or if instead electricity should be
taken from the grid, type48b is defined with a parameter 𝐹𝐵 (charge to discharge limit on
fSOC). This parameter defines the minimum state of charge the battery has to reach in
order to withdraw power from it. In the simulation the parameter is set to zero, meaning
that the battery can be discharged at any time with any fSOC until the minimum fSOC
limit is reached.

2.3.2. Hydraulic connections
The nominal flow rate of the heat pump is 226.8 kg/h. For the SH operation the flow rate
of the system can easily exceed this value. In that case the 25 l SH buffer and valve 𝑉𝑎𝑙𝑆𝐻
(see: Figure 2.7) serve as a bypass only allowing the nominal flow rate to pass through the
heat pump.
In case of DHW operation the mass flow of the heat pump is actively regulated. The
controller is set to change the flow rate to achieve a temperature of 52 °C at the HP water
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outlet. Here the mass flow ranges from a minimum of half to a maximum of double the
nominal flow rate, 113.4-453.6 kg/h respectively.

Figure 2.7: Piping and instrumentation scheme of the packaged home energy system.

2.3.3. DHW system
The DHW system is modelled according to the product specifications of the F750 heat
pump. A 180 l hot water store is hydraulically connected to the heat pump via a coil heat
exchanger. The DHW mass flow is tapped as a plug flow from the store over two
connections. One at the bottom, where fresh water is added, and one at the top, where the
same amount of hot water is withdrawn. The expected tapping temperature of the
domestic hot water load profile is 45 °C. In order to achieve this temperature a tempering
valve is used at the demand side (compare Figure 2.7). It mixes parts of the hot water from
the tank with parts of cold water from the fresh water supply. The hot water store is
modeled with five temperature nodes using TRNSYS type340 (Drück 2006).
Table 2.11: Specifications of the DHW storage tank type340.
Parameter
Height
Volume
Heat loss capacity rate from storage to ambient
Relative position of temperature sensor
Relative height of cold water inlet
Relative height of hot water outlet
Relative inlet position of the HX
Relative outlet position of the HX

Value
1.05 m
180 l
10 kJ h-1 K-1
0.25
0
1
0.96
0.19

Comment
assumption
𝑇𝑇𝑎𝑛𝑘
𝑇𝐶𝑊
𝑇ℎ𝑜𝑡

2.3.4. SH system
The space heat distribution in the building is simulated as a floor heating system. The
heating system is integrated in the building model that was previously designed for the
SWX-project (Persson & Heier 2010). The heated floor is throughout the whole building,
144 m² respectively, with a maximum design flow rate of 1440 l/h (10 l/m²/h). The heat
transfer coefficient between the heated floor and the air in the room is defined in global
simulation parameters. These parameters are the heat transfer constant 𝑎 and heat transfer
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exponent 𝑏. Together with the floor surface temperature 𝑇𝑠𝑢𝑟𝑓 and room air temperature
𝑇𝑟𝑜𝑜𝑚 the heat transfer coefficient 𝛼𝑓𝑙𝑜𝑜𝑟 is calculated with following formula.
Equation 5

𝛼𝑓𝑙𝑜𝑜𝑟 = 𝑎 ∗ (𝑇𝑠𝑢𝑟𝑓 − 𝑇𝑟𝑜𝑜𝑚 )
𝑎 [W/m2/K]

𝑏

2
0.31

𝑏 [-]

With the assumed values for 𝑎 and 𝑏 the heat transfer coefficient varies between 2 and 5.2
W/m2/K.
Room regulators
Each zone in the house is equipped with a thermostat. According to the set temperatures,
shown in Table 2.12, the flow is either turned on or off in the zone. As soon as any air
node reaches the lower set point temperature the flow in this according zone is turned on.
A hysteresis of 2 K is applied in each zone.
Table 2.12: Design flow rates of the space floor heating system.
Living room
Kitchen
Utility room
Bath room
Sleeping room 1
Sleeping room 2

Zone
1
2
3
4
5
6

Design Flow [kg/h]
570
228
91
80
134
360

2.3.5. Heat pump model
In the simulation the exhaust air heat pump F750 is modeled with a multi-dimensional
data interpolator (TRNSYS type581a). This type relies on four independent input variables,
which are used to interpolate in a data set to three dependent output variables. The room
of interpolation is constructed with the help of sample points that are stored in an external
list file, referred to as performance map. The performance map contains measured data
from the heat pump manufacturer representing the thermal behavior of the heat pump
under different operating conditions. The input variables are connected from outputs of
other types within the simulation scheme. The fourth input “compressor speed” is
controlled actively within the HP control. The models input variables are listed in Table
2.13.
Table 2.13: Specifications of the inputs for the multi-dimensional data interpolator type581a.
Nr. of
input
1
2
3
4

Description
Exhaust air temperature
Exhaust air mass flow
Water temperature at HP inlet
Compressor speed
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Sample
points
3
4
4
5

Range of inputs
[18,22,26] °C
[30,40,42,52] l/s
[20,30,40,50] °C
[0,20,50,80,120]

The exhaust air temperature is assumed to be the weighted mean air temperature of all
zones. In the building model the exhaust air mass flow rate is set to a fixed value of 52 l/s.
From the above input variables, three dependent output variables are determined.
Table 2.14: Specifications of the outputs from type581a.
Nr. of output
1
2
3

Description
Water outlet temperature
Thermal power output
Electrical power consumption

Range of output
[23.1-70.9] °C
[0.76-5.51] kW
[0.12-3.47] kW

The measured data of the heat pump in the performance map are considered for a nominal
water flow rate of 226.8 kg/h. Due to this limitation the first output “water outlet
temperature” is calculated with the actual mass flow using an equation block.
Equation 6

𝑇𝐻𝑃𝑜𝑢𝑡 = 𝑇𝐻𝑃𝑖𝑛 + 𝐺𝑇(𝑚̇𝑤 , 0) ∗

𝑄̇𝐻𝑃𝑡ℎ ∗ 3600
𝑐𝑝𝑤𝑎𝑡𝑒𝑟 ∗ (𝑚̇𝑤 + 𝐿𝐸(𝑚̇𝑤 , 0))

Where 𝑇𝐻𝑃𝑖𝑛 is the water inlet temperature, 𝑚̇𝑤 the actual water mass flow through the
heat pump, 𝑄̇𝐻𝑃𝑡ℎ the thermal power output and 𝐶𝑃𝑊𝐴𝑇 the thermal capacity of water.
The additional terms 𝐺𝑇(𝑚̇𝑤 , 0) and 𝐿𝐸(𝑚̇𝑤 , 0) are added to avoid divisions by zero.
The third output of the model is the electrical power consumption of the compressor. It is
part of the total electrical power consumption that is withdrawn from either the battery
bank or the grid. The total power consumption is the sum of compressor power and, in
case of auxiliary heat demand, the additional electrical power.

2.4 HP control
The heat pump control is implemented in the simulation deck partly with an equation
block. The general working conditions like different modes for summer, winter and others
are implemented by using logic equations. The compressor speed however is controlled
with a PI-controller. The heat pump is active when there is either space heating or
domestic hot water demand.

2.4.1. Compressor Speed
According to whether the heat pump runs in DHW or SH mode there is a compressor
speed generated by the HP control, that is passed on to the performance map reader. The
control for the base case system is that the compressor speed is only generated for the SH
and in case of DHW the compressor speed of the previous SH mode is taken over.

2.4.2. Space heating control
The control for the SH considers a heating curve. This curve is a function of the ambient
temperature and returns a suggested SH supply temperature. In the heat pump model
F750 the heating curve of the can be set manually by the user. Usually heating curves are
predefined functions that can be chosen in the heat pump interface. The used heating
curve is designed for a single family house in Nordic countries.
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In each time step of the simulation the set temperature and the actual supply temperature
for the SH are compared. The supply temperature for the SH loop is the one from the
buffer tank 𝑇𝑆𝐻𝑠𝑢𝑝𝑝𝑙𝑦 (see: Figure 2.7). The difference in both temperatures is the input
for a feedback controller. This controller returns a compressor speed in order to reach the
set temperature.
In the real world system a PI controller is used. An offset of 60 degree minutes is to be
reached before starting the compressor. Since this count of offset degree minutes is never
reset under normal conditions, it was chosen in the simulation to directly control the
difference in supply and design temperature rather than a sum of degree minutes. The
basic functionality of the real controller is thereby maintained.
Equation 7

𝐶𝑂𝑀𝑃𝑆𝐻 = 𝑆𝐻𝑓𝑒𝑒𝑑𝑏𝑎𝑘 ∗ 𝑆𝐻𝑂𝑁 ∗ 𝐸𝑄𝐿(𝐷𝐻𝑊𝑂𝑁 , 0)

The signal of the feedback controller 𝑆𝐻𝑓𝑒𝑒𝑑𝑏𝑎𝑐𝑘 is in the range of 30 to 120 Hz. To
ensure a priority for DHW the compressor speed for space heating 𝐶𝑂𝑀𝑃𝑆𝐻 is only
generated when DHW is turned off (𝐷𝐻𝑊𝑂𝑁 = 0).

2.4.3. DHW control
The control of the DHW demand is realized with a differential temperature controller with
hysteresis. The lower set temperature for the studied system is 46 °C. The controller is
connected to a sensor in the DHW store at 25 % height from the bottom (𝑇𝑇𝑎𝑛𝑘 see:
Figure 2.7). The hysteresis in the controller of 4 K allows the HP to run in DHW mode
until a temperature of 50 °C is reached in the tank. Due to the design of the coil heat
exchanger in the store the temperatures at the top layer can reach about 52-53 °C.
The compressor speed that is applied for the case of hot water demand is the one that was
used in the previous time step for the space heating (𝐶𝑂𝑀𝑃𝑆𝐻,𝑑𝑒𝑙𝑎𝑦 ) plus an additional
10Hz. For the whole time of DHW supply the compressor speed remains at this speed. If
there was no SH operation before the minimum of 35 Hz is applied to the compressor.

2.4.4. Auxiliary
The heating capacity of the auxiliary heater is restricted in steps of 500 W with a maximum
capacity of 6.5 kW. The required power of the auxiliary heater is actively controlled for the
SH operation mode. Here also the degree minutes between supply and design temperature
are added up. After a threshold of 700 degree-minutes is reached the auxiliary is allowed to
operate with a minimum power of 500 W. For every additional 50 degree minutes increase
one step is added.
The auxiliary power for the DHW is again influenced by the operation of the auxiliary for
the SH mode. Equivalent to the compressor speed, when the operational mode changes
from SH to DHW the auxiliary power for SH of the last time step is taken over in the
DHW operation but with 500 W higher power. This auxiliary output is maintained
throughout the whole DHW operation period, and after set back to the actively controlled
SH mode.

2.4.5. Preset operation modes
The heat pump is equipped with a user interface in which the owner can change the
settings of the heat pump operation. In coherence with the comfort needs of the user and
other factors like time and temperature constrains, different in-built operation modes are
available to choose from. The modes are described in the following.
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Normal Mode
For the normal mode no special considerations are made. The HP operates with the base
case control explained previously in 2.4.1. The DHW operation has priority over the SH
operation.
Summer Mode
If the Summer mode is chosen the operation of the HP is limited to a maximum
compressor frequency of 35 Hz. Only the operation for DHW is allowed, meaning no SH
operation. This mode also completely shuts off the auxiliary heater, which is never allowed
in summer. The Summer mode can be set up by time constrains, identified as a summer
start and summer stop time. In the simulation the summer time was set up to be in the
time of the year, when there is no or very little space heating demand (4000-5000 h). The
summer mode is also activated when the ambient temperatures go above 17 °C. This
ambient temperature limit can be changed by the user but was chosen to be the default
value in the simulation.
Luxury Mode
In the Luxury mode the compressor speed is set to 80 Hz, regardless if in SH or DHW
mode. The auxiliary for the DHW mode is working with the highest possible power of 6.5
kW. Whenever the mode changes from SH to DHW the auxiliary will be activated.

2.5 Control strategies
The control strategy for the heat pump system is designed for three different cases. The
first algorithm is for utilizing the thermal stores of the hot water tank and the heat capacity
of the building. The second algorithm is designed for the optimal utilization of the electric
battery store. The third algorithm combines both of the previous two together. The
underlining goal of all strategies is to minimize the final bought energy. In order to allow
any of the algorithms to take control the conditions of base case need to be fulfilled. The
extended system is shown in Figure 2.8.
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Figure 2.8: Extended square view diagram of the system including battery and thermal store.

2.5.1. Algorithm 1 – Thermal storage of PV electricity
The first control algorithm is designed to thermally store the excess PV electricity in the
DHW store and the heat capacity of the building. The excess PV production, over an
average of 10min, is used to control the operation of the heat pump. The algorithm
prioritizes the storage in the DHW store over the building. The following shows the
flowchart of the algorithm.
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Figure 2.9: Flowchart of control algorithm 1 – Only thermal storage.
If the temperature dependencies of the base control are fulfilled, the excess electricity can
be used to “overcharge” the thermal stores. In order to increase the amount of thermally
stored energy the maximum set temperatures of the DHW store and the room controllers
are lifted. The upper temperature limit in the DHW store is raised from 48 °C to 56 °C.
After the DHW set temperature is met, the set temperatures in the rooms are lifted by 1K.
The minimum excess power necessary to activate the temperature lift is 320 W. The reason
for the minimum excess power to be 320 W is the heat pumps minimum acceptable input
power. This was considered for the worst case scenario to ensure a sufficient electric
power supply for heat pump compressor.
This algorithm is tested in two different configurations. The first one (ALG1a) is activated
when already the PV-production (𝑃𝑃𝑉 ) exceeds 320 W and the second (ALG1b) is
activated when the excess production (𝑃𝐸𝑥𝑐𝑒𝑠𝑠 ) exceeds 320 W, like explained above. The
main focus of investigation is on algorithm 1b, for reasons that are explained later.

2.5.2. Algorithm 2 – Electrical storage of PV electricity
The second algorithm can be understood as a relatively simple battery control. Meaning
that there is no active connection between battery and heat pump. The heat pump is only
regulated by the temperature dependencies of the base case control. The used batteries are
of the Lithium-Ion type and allow a discharge down to 10% of fSOC (fractional state of
charge).
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Figure 2.10: Flowchart of control algorithm 2 – Only electrical storage.
This algorithm starts with calculating the surplus PV power production at a given time
step. The surplus production, other than the excess, is the difference between PV power
production and the total load, including the appliances and the electric load for the heat
pump and auxiliary heater.
If there is a positive surplus and the fSOC of the battery is between 10 and 95 %, the
battery will be charged. If the fSOC is greater than 95% the surplus energy is sold to the
grid. In case of a deficit (negative surplus) the battery directly provides power to the load
and is being discharged. If the battery is below a state of charge of 10 %, electricity has to
be bought from the grid.
As specified in Table 2.10 the maximum instantaneous power output of the battery system
is dependent on its size. In the case of a battery system with a storage capacity of 3.6 kWh,
an assumed C-rate of 1 and a discharge efficiency of 90 %, the battery is able to provide up
to 3.24 kW. In case the batteries are fully charged and there is a higher instantaneous
power demand than 3.24 kW, additional energy has to be bought from the grid to cover up
the deficit. This has a negative influence on the self-consumption but only occurs in the
small capacity system and very few time steps.

2.5.3. Algorithm 3 – Utilizing thermal and electrical storage
The third and last algorithm is the combination of the two previous ones utilizing both
energy storages. The prioritized storage in this algorithm is the battery, followed by the
DHW store and last the building.
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Figure 2.11: Flowchart of control algorithm 3 - Application of both storage types.
Similar to control algorithm 2 first the surplus PV production is determined. In case of a
negative surplus either the battery is discharged or, if the battery reaches a fSOC of 10 %,
electricity is bought from the grid. With a positive surplus either the battery is charged or,
if the battery is full, the control algorithm 1 is applied. The decision for prioritizing the
battery as a store is due to the fact that the excess PV-energy can be stored electrically and
used for all loads, thermal as well as electrical. In contrast the thermal store can only be
used for one load each, either DHW or SH, without the possibility to transform back.
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3 Results
In this chapter the results of the simulated system are shown. The analysis is first done for
each control strategy separately. The control strategies are finally also compared among
each other. The evaluation of the control algorithms is done by comparing the key figures
of the base case system to the ones with the implemented algorithms.

3.1 Key performance indicators
3.1.1. Final energy
Final energy (FE) is defined as the energy that is supplied from the grid by the energy
retailer to the end-consumer. In this case it is the difference of PV-produced and directly
self-consumed electricity to the total consumer electricity.
𝑡2

Equation 8

𝑡2

𝐹𝐸 = ∫ 𝐿(𝑡) 𝑑𝑡 − ∫ 𝑀(𝑡) 𝑑𝑡
𝑡1

𝑡1

In this denomination 𝐿(𝑡) represents the instantaneous power consumption of the enduser and 𝑀(𝑡) the directly consumed PV-produced power. The latter factor 𝑀(𝑡) has to
be defined for two cases. One for the case if no electrical store is used and one for the case
that the system is extended with a battery bank.
Equation 9

𝑀(𝑡) = 𝑚𝑖𝑛{𝐿(𝑡), 𝑃(𝑡)}

Equation 10

𝑀(𝑡) = 𝑚𝑖𝑛{𝐿(𝑡), 𝑃(𝑡) + 𝑆(𝑡)}

𝑃(𝑡) is the power that is instantaneously provided by the PV-system. If the system also
contains a battery store, a second factor 𝑆(𝑡) is added. This part is the power that is not
used in the appliances but sent to the battery. If the battery is charged 𝑆(𝑡) < 0 and if the
battery is being discharged 𝑆(𝑡) > 0. The min-function acts as a filter, assuring that only
this amount of energy is considered, that actually can be supplied by the PV-system.

3.1.2. Self-consumption
The self-consumption is the ratio of directly self-consumed PV-electricity to total PVproduced electricity.
𝑡

Equation 11

𝑆𝐶 =

2
∫𝑡 𝑀(𝑡) 𝑑𝑡
1

𝑡

2
∫𝑡1 𝑃(𝑡) 𝑑𝑡

3.1.3. Self-sufficiency
The self-sufficiency is, similar to the self-consumption, also a fraction of the PV-produced
electricity, but towards the total electrical load. In related literature self-sufficiency is often
described as solar fraction.
𝑡

Equation 12

𝑆𝐹 =
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2
∫𝑡 𝑀(𝑡) 𝑑𝑡
1

𝑡

2
∫𝑡1 𝐿(𝑡) 𝑑𝑡

3.1.4. Seasonal performance factor
The above key figures give a comprehensive idea of the operation of the system.
According to these values the evaluation of the designed control algorithms can be
performed easily. In order to also rate the efficiency of the heat pump itself, a fourth
figure, the seasonal performance factor (SPF), is introduced. The SPF can be understood
as the coefficient of performance (COP) of the system over a whole year. It is defined as
the ratio of thermal power output of the heat pump to electric power input. Since the
considered energy system consists of a heat pump and an additional auxiliary heater, two
performance factors are defined. The 𝑆𝑃𝐹𝐻𝑃 , only considering the electrical power input
to the compressor of the heat pump and second the 𝑆𝑃𝐹𝐻𝑃+𝐴𝑈𝑋 , also taking the power
input to the auxiliary heater into account.
𝑡

𝑆𝑃𝐹𝐻𝑃 =

Equation 13

2
∫𝑡 [𝑄𝑆𝐻 (𝑡) + 𝑄𝐷𝐻𝑊 (𝑡)] 𝑑𝑡
1

𝑡

2
∫𝑡1 𝑃𝑒𝑙,𝐻𝑃 (𝑡) 𝑑𝑡

𝑡

Equation 14

𝑆𝑃𝐹𝐻𝑃+𝐴𝑈𝑋 =

2
∫𝑡 [𝑄𝑆𝐻 (𝑡) + 𝑄𝐷𝐻𝑊 (𝑡)] 𝑑𝑡
1

𝑡2
∫𝑡1 [𝑃𝑒𝑙,𝐻𝑃 (𝑡)

+ 𝑃𝑒𝑙,𝐴𝑈𝑋 (𝑡)] 𝑑𝑡

𝑄𝑆𝐻 (𝑡) is the instantaneous thermal power output of the heat pump for the SH and
𝑄𝐷𝐻𝑊 (𝑡) for the domestic hot water. The factors 𝑃𝑒𝑙,𝐻𝑃 and 𝑃𝑎𝑙,𝐴𝑈𝑋 represent the
instantaneous electric power consumptions of the heat pump and auxiliary.

3.2 Simulation results
In Table 3.1 the absolute values of energy consumption for the base case are summarized.
Table 3.1: Summary of the electricity and heat demand for the base case system.

Figure

Value [kWh/a]

Electrical energy
Electrical appliances
Heat pump
Auxiliary heater
Thermal Energy
Space heat load
Domestic hot water load
DHW tank losses

3437
6506
1380
14923
2979
669

Since these figures are set by the boundary conditions explained earlier, these results will
not be repeated. The main investigation shall be towards the self-consumption of the
system and how it changes with the application of the control strategies. In the base case
the HP system is only controlled by the temperature and time constrains explained earlier.
There is no battery system and no other control connection from the thermal storages to
HP. There is however a connection by means of electrical consumption, meaning that
when there is power production from the PV-array this power is directly consumed by
either the HP or the electrical appliances. In Figure 3.1 an excerpt of the operation of the
base case system is shown.
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Figure 3.1: Simulation results of the base case system with 𝑃𝑃𝑉 =3.12 kW, showing PV-Power
production (𝑃𝑃𝑉 ), the electric power demand (𝑃𝐿𝑜𝑎𝑑 ) as well as their overlap denominated as direct selfconsumption (𝑆𝐶).
Table 3.2: KPIs of base the case system.

System size
PV [kW]
3.12
5.7
9.36

Battery [kWh]
-

FE [kWh] SC [%]
9981
9499
9117

43.0
30.6
23.3

SF [%]
11.9
16.0
19.3

SPF
HP
2.67
2.67
2.67

HP+AUX
2.38
2.39
2.39

The influence of increased PV-array sizes is comparatively small for the final energy
consumption of the base case. However, the final energy is reduced by 864 kWh from
smallest to biggest system size. The self-consumption on the other hand decreases by
almost 20 %, which originates in a mismatch of PV-power production and electric power
demand.

3.2.1. Algorithm 1 – results
In Figure 3.2 the functionality of the control algorithm 1b is shown. The first sub-figure
depicts the excess power production (𝑃𝑒𝑥𝑐𝑒𝑠𝑠 ). The excess production is defined as the
difference of PV-production to appliance load (𝑃𝑒𝑥𝑐𝑒𝑠𝑠 = 𝑃𝑃𝑉 − 𝑃𝑎𝑝𝑝𝑙𝑖𝑎𝑛𝑐𝑒𝑠 ). The red line
represents the minimum threshold of 320 W (𝑃𝑚𝑖𝑛 ), that has to be met for the algorithm
to become active.
In the second sub-figure the DHW tank temperature (𝑇𝑡𝑎𝑛𝑘𝐷𝐻𝑊 ) and the set temperature
(𝑇𝐷𝐻𝑊𝑠𝑒𝑡 ) are shown. With the activation of the algorithm the tank temperature increases
from 46-50 °C to 52-56 °C. Due to a relatively small thermal storage capacity of the 180l
hot water tank, the set temperature is reached quickly.
The last sub-figure shows the air temperatures of the zones (𝑇𝑍𝑜𝑛𝑒 𝑖 ) in the building. The
green area depicts the temperature limits for the room controller of zone 1 (𝑇𝑠𝑒𝑡𝑍1 ) as an
example, which are increased from 20-22 °C to 21-23 °C. Due to a higher thermal capacity
of the house, the thermal response is slower than in the water tank.
The air temperature in zone 2 (kitchen) shows sharp increases. The strong increase in
room temperature is cause by the thermal gains of electric appliances, what can be seen
simultaneously with the deactivation of the algorithm due to a higher electrical load. The
adjacent zones are directly affected by the temperature increase of one zone. Through the
25

door openings heat is spread throughout the house and results in a temperature increase in
the respective zones as well.

Figure 3.2: Functionality of control algorithm 1b for a system with 𝑃𝑃𝑉 =3.1 kW.
With the first control algorithm the HP runs more often than in the base case, resulting in
a higher electrical consumption of the heat pump over the year. Since the additional power
demand of the HP occurs when there is radiation, more of this electrical demand can be
covered by the solar generated electricity.
Table 3.3: KPIs of the control algorithm 1b (𝑃𝐸𝑥𝑐𝑒𝑠𝑠 >320 W).

System size
PV [kW]
3.12
5.7
9.36

Battery [kWh]
-

FE [kWh] SC [%]
9702
9040
8543

56.8
42.9
33.2

SF [%]
15.5
21.9
26.7

SPF
HP
2.61
2.58
2.57

HP+AUX
2.36
2.35
2.33

With the first algorithm the final energy consumption of the system can be reduced by 279
kWh up to 573 kWh (2.8 – 6.3 %), depending on the PV size. The self-consumption
increases from the base case from 43 – 23.3 % to 56.8 – 33.2 %. Also the solar fraction is
increased, by 3.7 – 7.3 % with reference to the base case. The SPF of the system, both for
only the HP and for the combined SPF of HP and AUX, is decreased slightly. This is due
to the operation of the heat pump in higher temperature ranges compared to the base case,
26

lowering the COP of the HP. Since the auxiliary heater is used less in this case the negative
influence of lower COPs is almost evened out leading to only a slight decrease of the SPF.
The results for algorithm 1a are very similar and summarized in the following.
Table 3.4: KPIs of control algorithm 1a (𝑃𝑃𝑉 >320 W).

System size
PV [kW]
3.12
5.7
9.36

Battery [kWh]
-

FE [kWh] SC [%]
9756
9095
8597

57.4
43.2
33.3

SF [%]
15.5
21.9
26.6

SPF
HP
2.59
2.57
2.56

HP+AUX
2.35
2.34
2.32

The algorithm 1a is in comparison to algorithm 1b more often active. This is due to the
condition of the algorithm that already a PV power production 𝑃𝑃𝑉 of 320 W is sufficient
to be activate instead of an excess power production 𝑃𝐸𝑥𝑐𝑒𝑠𝑠 of 320 W like in algorithm
1b. This leads to cases, where the system is running with higher set temperatures in SH
and DHW even there might not be any excess power from the PV-modules. For example
there is a PV production of 500 W. The algorithm 1a becomes active regardless of the
power consumption of the appliances. If the appliances have a high power consumption at
that point in time additional power needs to be bought from the grid, resulting in higher
final energy consumptions than in algorithm 1b. Algorithm 1a has a slightly higher degree
of self-consumption than algorithm 1b, which is justified by the fact that even small PV
energy inputs are directly used. The solar fraction in this configuration remains the same.
The SPF

3.2.2. Algorithm 2 – results
Figure 3.3 shows the functionality of control algorithm 2. The first sub-figure shows the
PV-power production 𝑃𝑃𝑉 , the total electric power demand 𝑃𝐿𝑜𝑎𝑑 , including appliances,
heat pump and auxiliary, as well as the intercepted area 𝑃𝑆𝑢𝑟𝑝𝑙𝑢𝑠 which is defined as the
difference of PV-power to total load (𝑃𝑆𝑢𝑟𝑝𝑙𝑢𝑠 = 𝑃𝑃𝑉 − 𝑃𝐿𝑜𝑎𝑑 ). Similar to the base case
the PV-produced power can directly be consumed by the HP or the appliances. Any
surplus power production can be stored in the battery or - if fully charged - fed to the grid.
The charging and discharging power for the battery (𝑃𝐵𝑎𝑡𝑡𝑒𝑟𝑦 ) is shown in the second subfigure. The power that is transferred to the battery is positive and the power that is
withdrawn from the battery is negative. The green area shows the self-consumed electricity
(𝑆𝐶), consisting of direct self-consumption from the PV-modules as well as energy from
by the battery. The last subfigures show the fractional state of charge of the battery
(𝑓𝑆𝑂𝐶). The battery usually passes one full charging/discharging cycle in 24 hours.
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Figure 3.3: Functionality of control algorithm 2 for a system with 𝑃𝑃𝑉 =3.1 kW and 𝐶𝐵𝑎𝑡 =3.6 kWh.
Table 3.5: KPIs of the control algorithm 2.

System size
PV [kW]
3.12
5.7
9.36

Battery [kWh]
3.6
7.2
10.8

FE [kWh]

SC [%]

SF [%]

9343
8277
7343

63.0
51.1
42.2

17.4
26.8
35.0

SPF
HP
2.68
2.68
2.68

HP+AUX
2.39
2.39
2.39

By saving PV-produced electricity for later use, the self-consumption can be increased and
the final energy consumption of the system noticeably reduced. From the base case to
algorithm 2 the final energy is reduced by 638 – 2156 kWh (6.4 – 23.7 %). The selfconsumption in all cases is increased by roughly 20 %. Also the solar fraction increases
from 11.9 – 19.3 % to 17.4 – 35 %. Since the temperature controls of the DHW and SH
system are not changed in this algorithm, the SPF of the system for algorithm 2 is the
same as in the base case.

3.2.3. Algorithm 3 – results
The final algorithm combines the two previous ones. Shown in Figure 3.4 is the
functionality of algorithm 3. Since the priority of the algorithm is the utilization of the
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electrical store, the control starts, with the same procedure as in algorithm 2, checking the
surplus production of the PV-system (𝑃𝑆𝑢𝑟𝑝𝑙𝑢𝑠 = 𝑃𝑃𝑉 − 𝑃𝐿𝑜𝑎𝑑 ). If there is a surplus
production, power is sent to the battery. And vice-versa, if there is a demand and the
battery is above the lower discharge limit, power can be withdrawn shown as 𝑃𝐵𝑎𝑡𝑡𝑒𝑟𝑦 in
the second sub-figure. The third sub-figure shows the fSOC of the battery, which is
decisive for the activation of the second part of the algorithm, activating the thermal
stores. In order to start charging the thermal stores, again, like in algorithm 1b, the excess
power production (𝑃𝑒𝑥𝑐𝑒𝑠𝑠 = 𝑃𝑃𝑉 − 𝑃𝑎𝑝𝑝𝑙𝑖𝑎𝑛𝑐𝑒𝑠 ) is checked to be above a 𝑃𝑚𝑖𝑛 of 320 W.
If the maximum fSOC of the battery is reached and the excess power production is
sufficient the temperature limits of the DHW and SH control are lifted, as shown in subfigure 4 and 5.

Figure 3.4: Functionality of control algorithm 3 for a system with 𝑃𝑃𝑉 =3.1 kW and 𝐶𝐵𝑎𝑡 =3.6 kWh.
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Table 3.6: KPIs of control algorithm 3.

System size
PV [kW]
3.12
5.7
9.36

Battery [kWh]
3.6
7.2
10.8

FE [kWh] SC [%]
9144
7926
6924

74.5
61.4
50.5

SF [%]
20.3
31.4
40.6

SPF
HP
2.60
2.59
2.57

HP+AUX
2.36
2.35
2.33

With the application of the third control algorithm a comparatively high reduction in final
energy consumption can be reached. Compared to the base case the final energy is reduced
by 837 – 2193 kWh (8.4 – 24.1 %). With this algorithm the self-consumption of the system
is increased to 74.5 – 50.5 %. An increase of 31.4 – 27.3 % compared to the base case.
Also the solar fraction is increased, by 8.4 – 21.3 % compared to the base case. Just like in
control algorithm 2, where the set temperatures of the DHW and SH are lifted, the SPF of
the system with the third algorithm is slightly lower than in the base case. This is also
caused by higher operating temperatures of the heat pump.

3.3 Summary
It is shown that for the proposed energy system the final energy savings with an electrical
store are bigger than when utilizing only the thermal stores. The combination of both
storage types however shows the biggest decrease in bought energy. The savings of both,
algorithm 1 and 2, combine to the savings of algorithm 3. All results are compared among
their respective system sizes.
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Figure 3.5: Summary of the KPIs for the studied algorithms on varying PV/Battery system sizes showing
the final energy consumption (𝐹𝐸), the solar fraction (𝑆𝐹) and the self-consumption (𝑆𝐶).
The nomenclature presented in Figure 3.5 is with respect to the system sizes. Meaning that
"𝐹𝐸 3" is for the final energy consumption of a system with 𝑃𝑃𝑉 =3.12 kW and 𝐶𝐵𝑎𝑡 =3.6
kWh.
ALG1a
(P_PV>320 W)
3

5.7

ALG1b
(P_excess>320 W)
9

3

5.7

9

ALG3
3-3.6

5.7-7.2 9-10.8

0,00
Relative reduction in SPF [%]

-0,50
-1,00
-1,50
-2,00
-2,50
-3,00
-3,50
-4,00
-4,50
SPF_HP

SPF_HP+AUX

Figure 3.6: Relative reduction in SPF for the algorithms 1a/b and 3 for the different system sizes.
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As already mentioned in the systems results, the seasonal performance factor (𝑆𝑃𝐹) of the
system decreases with the use of higher set temperatures. Due to a more frequent
activation of algorithm 1a the heat pump shows the highest decrease in SPF. The SPF in
the third algorithm suffers a lower decrease since here the condition of a fully charged
battery is predominant, leading to a less frequent activation of the temperature lift.

4 Discussion and conclusion
4.1 Simplifications and model limitations
The following contains an explained list of the simplifications and limitations in the
simulation model.
House model
 The house model assumes a constant ground temperature over the year. Heat from
the house that is transferred to the ground and its surroundings does not have an
influence on the ground temperatures.
 The doors in the house are modeled to be always opened. Except for the door
between zone 4 and 6 (sleeping room – bath), which is modeled to be always
closed.
 The air exchange rate of the building is set to a fixed value, instead of being
controlled by the air quality inside the house.
Heat pump system
 The heat pump model doesn’t include heat loss ratios from the heat pump to the
ambient. An assumption was made, that 10% of the electrical consumption of the
heat pump will contribute as sensible gain in zone 3 (utility rom).
 In the SPF of the heat pump the electricity consumption of the circulating pumps
and the exhaust air fan are not taken into account.
 In TRNSYS the flow rates of the system are generated in equation blocks and the
thermal contribution of the pumps to the circulating fluid are not model.
Battery system
 The battery doesn’t consider internal processes like degradation. Also charging
voltage and current of the system were not considered in this study.
Load profiles
 The tapping profile of the DHW and the profile of occupancy are not
synchronous. Meaning that there is a possibility for a draw-off, even when there is
no person present. However the energy consumption for DHW preparation
remains the same, since the tapped volumes don’t change.

4.2 Conclusion
The study presented has shown that an exhaust air heat pump system for a Swedish single
family house, which is equipped with both, thermal and electrical storage, can have a great
rate of self-sufficiency. It is shown that the energetic saving potential of the electric store is
comparatively higher than the thermal stores. This is mainly due to the fact, that the
electrical energy that is stored in the batteries can be used to cover both electrical and
thermal loads, whereas the thermal stores can only be used for either, the DHW or the SH
load.
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Especially the application of an electrical store improves the system performance
significantly, but results on the other hand in higher investment costs for the complete
system. For algorithms 1a & 1b the already existing thermal capacities can be used and no
investment for an additional electrical store needs to be undertaken, which can make them
financially attractive with small PV-array sizes.
A comparison to the study of (Thygesen & Karlsson 2014) shows that not only the
capacity of the stores but also the design of the PV system itself has a big contribution
towards the self-consumption.
Modules with an inclination of 70° yield a higher energy production in winter months,
coinciding with higher energy demands in the house and heating system, leading to a
relatively higher self-consumption than a similar sized PV system and thermal store for an
inclination of 27°.
Thermal stores
(Thygesen &
Karlsson 2014)
Algorithm 1b,
only thermal store

𝑃𝑃𝑉 =5.2 kW,
70° tilt,
south-facing
𝑃𝑃𝑉 =5.7 kW,
27° tilt,
south-facing

DHW 𝑉𝑠𝑡𝑜𝑟𝑒 =185 l,

SC=88%
SF=44%

DHW 𝑉𝑠𝑡𝑜𝑟𝑒 =180 l

SC=43%
SF=22%

Electrical stores
(Thygesen &
Karlsson 2014)

𝑃𝑃𝑉 =5.2 kW,
70° tilt,
south-facing

Algorithm 2, only
electrical store

𝑃𝑃𝑉 =5.7 kW,
27° tilt,
south-facing

𝐶𝐵𝑎𝑡 =48 kWh,
Lead Acid (𝐷𝑂𝐷=50%)
𝐶𝑒𝑓𝑓 =24 kWh
𝐶𝐵𝑎𝑡 =7.2 kWh,
Li-Ion (𝐷𝑂𝐷=10%)
𝐶𝑒𝑓𝑓 =6.12 kWh

SC=89%
SF=45%
SC=61%
SF=31%

4.3 Future work
In order to make an economic assessment of the control algorithms, further information
on the system are necessary. These are the investment costs for PV-modules and battery
system, the feed-in tariff for PV-electricity and the price of grid electricity. A further
boundary for a financial analysis are any incentives and governmental programs to advance
self-consumption in home energy systems.
In this study the matrices for the parametric studies of electrical storage sizes were linear.
For an assessment of the influence of storage capacities and PV array sizes, different
combinations should be tested. Also the influence of increased thermal stores (larger
volume for DHW tank, higher set temperatures for SH and DHW) on the system
performance should be investigated.
A further potential improvement on the system could be the application of weather
prediction in order to plan daily, weekly or seasonal operation to further decrease final
energy use.
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6 Appendix
6.1 Load profiles
6.1.1. Electricity consumption

Appliance electricity consumption [kWh]

Stove

Washing
machine

Dishwasher

TV/DVD/
Box

Computer

Hifi

Other

Preference
Maximum instant
power demand [W]
Hours of operation
[h]
Average power
consumption [W]
Total annual energy
consumption [kWh]

Fridge

Table 6.1: Key data of the electric appliance load profile.
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Jan
Other
104
HiFi
5,1
Computer 32,1
TV/DVD 29,5
Dishwasher 9,1
Washing
22,4
Stove
49,2
Fridge
60,8
Total
313

Feb
90,0
4,4
29,7
28,0
10,8
20,9
55,1
56,6
296

Mar
79,3
4,9
32,8
30,6
5,7
17,6
74,9
60,7
307

Apr
70,7
5,0
31,0
30,4
9,6
14,4
54,0
59,2
274

May
57,9
4,9
32,7
29,4
4,0
12,9
59,7
61,4
263

Jun
55,0
4,6
32,0
29,5
10,5
14,7
62,9
59,1
268

Jul
55,9
4,7
32,6
29,1
13,7
14,9
62,8
62,1
276

Aug
62,3
4,9
32,5
29,8
10,3
15,5
46,3
60,4
262

Sep
73,7
4,8
31,1
30,0
10,3
14,2
58,9
59,2
282

Oct
89,6
5,1
31,9
30,6
15,4
9,0
49,3
61,1
292

Figure 6.1: Monthly energy consumption of the electric appliances. All values in kWh.
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Nov
93,3
4,7
31,7
29,6
12,6
14,9
60,7
59,2
307

Dec
103
5,2
33,2
30,2
9,1
9,0
50,7
61,1
302

6.1.2. DHW profile

Figure 6.2: DHW profile of the single family, shown in monthly values.
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6.2 Simulation parameters and LIST-files
6.2.1. PV-array and Inverter– Type194b
Table 6.2: Parameters of the PV-modules CS6P-260P as used in type194b.
Name
Module 𝐼𝑆𝐶 at STC3
Module 𝑉𝑂𝐶 at STC
Module 𝐼𝑀𝑃𝑃 at STC

Value
9.12 A
37.5 V
8.56 A

Module 𝑉𝑀𝑃𝑃 at STC

30.4 V

Temperature coefficient of 𝐼𝑆𝐶 at STC
Temperature coefficient of 𝑉𝑂𝐶 at STC
Number of cells wired in series
Module temperature at NOCT4
Module area

0.053 A/K
-0.079 V/K
60
45 °C
1.627m2

Comment
Short circuit current
Open circuit voltage
Module current at maximum
power point
Module voltage at maximum
power point
𝛼𝐼𝑆𝐶
𝛽𝑉𝑂𝐶

Five-parameter model
In most cases the information provided by the PV-module producers is not sufficient in
order to make detailed and reliable predictions for the energy production of the PV-array
under non-standard test conditions. (De Soto et al. 2006) describes a method to derive
operating parameters of the module from the given producer data. In this method the PVmodule is represented as an equivalent one-diode circuit that takes five parameters into
account. These are 𝐼𝐿 the light current, 𝐼0 the reverse diode current, 𝑅𝑆 the module series
resistance, 𝑅𝑆𝐻 the shunt resistance and 𝑎 the modified ideality factor. The I-V-relation is
expressed as follows:
Equation 15

𝐼 = 𝐼𝐿 − 𝐼0 (𝑒

𝑉+𝐼𝑅𝑆
𝑎

− 1) −

𝑉 + 𝐼𝑅𝑆
𝑅𝑆𝐻

The modified ideality factor 𝑎 is constructed according to the cell temperature 𝑇𝐶 . Further
parameters needed are the number of cells in series 𝑁𝑆 , the usual ideality factor 𝑛𝐼 , the
Boltzmann constant 𝑘 and the electron charge 𝑞.
Equation 16

𝑎=

𝑁𝑆 𝑛𝐼 𝑘 𝑇𝐶
𝑞

By using the I-V pairs that are given from the producer data sheet Equation 15 can be
solved for different reference conditions. In the TRNSYS simulation there is a plugin for
type194b that calculates the above parameters according to the reference data given by the
producer described in Table 6.2.
Table 6.3: Values for the five-parameter model used in type194b.
Factor
Value

𝐼𝐿,𝑟𝑒𝑓
9.128 A

𝐼0,𝑟𝑒𝑓
0.2915 nA

𝑅𝑆
0.2945 Ω

𝑅𝑆𝐻
344 Ω

𝑎
1.552

STC: Standard test conditions (𝑇𝑎𝑚𝑏 = 25°𝐶, 𝐼 = 1000𝑊/𝑚2 , 𝐴𝑀 = 1.5)
NOCT: Nominal operating cell temperature conditions (𝑇𝑎𝑚𝑏 = 20°𝐶, 𝐼 = 800 𝑊 ⁄𝑚2,
𝐴𝑀 = 1.5, 𝑣𝑤𝑖𝑛𝑑 = 1 𝑚⁄𝑠)
3
3
4

6.2.2. Inverter

Figure 6.3: Performance map of the STECA inverter "coolcept 3010".
Table 6.4: Specifications of the StecaGrid 3010 inverter as in the product data sheet (Steca Elektronik
GmbH 2016).
StecaGrid 3010
DC input side (PV generator)
Maximum input voltage
Operating input voltage range
Number of MPP tracker
Maximum input current
Maximum short circuit current
Maximum input power at maximum
active output power
AC output side (Grid connection)
Grid voltage
Rated grid voltage
Maximum output current
Maximum active power (cos phi = 1)
Maximum active power (cos phi = 0.95)
Maximum apparent power (cos phi =
0.95)
Rated power
Rated frequency
Frequency
Night-time power loss
Feeding phases
Total harmonic distortion (cos phi = 1)
Power factor cos phi
Characterization of the operating
performance

600 V
125 V … 500 V
1
11.5 A
+20 A / -13 A
3070 W
185 V … 276 V
230 V
14.0 A
3000 W
3000 W
3160 VA
3000 W
50 Hz and 60 Hz
45 Hz … 65 Hz
<2W
single-phase
<2%
0.95 capacitive … 0.95 inductive

4

Max. efficiency
European efficiency
Californian efficiency
MPP efficiency
Own consumption
Power derating at full power from
Safety
Isolation principle
Grid monitoring
Residual current monitoring
Operating conditions
Area of application
Climate protection class as per IEC
60721-3-3
Ambient temperature
Storage temperature
Relative humidity
Noise emission (typical)
Fitting and construction
Degree of protection
Overvoltage category
DC Input side connection
AC output side connection
Dimensions (X x Y x Z)
Weight
Communication interface

Integrated DC circuit breaker
Cooling principle
Test certificate

98.00%
97.70%
97.80%
> 99.7 % (static), > 99 % (dynamic)
<4W
45 °C (Tamb)
no galvanic isolation, transformerless
yes, integrated
yes, integrated (The design of the inverter
prevents it from causing DC leakage current)
indoor rooms with or without air
conditioning
3K3
-15 °C … +60 °C
-30 °C … +80 °C
0 % … 95 %, non-condensating
31 dBA
IP 21 (casing: IP 51; display: IP 21)
III (AC), II (DC)
Phoenix Contact SUNCLIX (1 pair), mating
connector included
Wieland RST25i3 plug, mating connector
included
340 x 608 x 222 mm
9.6 kg
RS-485 (2 x RJ45 sockets; connectable to
Meteocontrol WEB‘log or Solar-Log™,
Ethernet interface (1 x RJ45), Modbus RTU
(1 x RJ10 socket: connectable to energy
counter)
yes, compliant with VDE 0100-712
temperature controlled fan, variable speed,
internal (dustproof)
see certificate download on the product page

LIST file:
* Model "Type194b" (Type 194)
*
UNIT 100 TYPE 194
Type194b
*$UNIT_NAME Type194b
*$MODEL .\Electrical\Photovoltaic Panels\With Inverter\Type194b.tmf
*$POSITION 2637 498
*$LAYER Water Loop #
PARAMETERS 29
2
! 1 Mode
9.12
! 2 Module short-circuit current at reference conditions
37.5
! 3 Module open-circuit voltage at reference conditions

5

298
! 4 Reference temperature
1000
! 5 Reference insolation
30.4
! 6 Module voltage at max power point and reference
conditions
8.56
! 7 Module current at max power point and reference
conditions
0.053
! 8 Temperature coeficient of Isc at (ref. cond)
-0.079
! 9 Temperature coeficient of Voc (ref. cond.)
60
! 10 Number of cells wired in series
nModules
! 11 Number of modules in series
nStrings
! 12 Number of modules in parallel
318
! 13 Module temperature at NOCT
293
! 14 Ambient temperature at NOCT
800
! 15 Insolation at NOCT
1.62688
! 16 Module area
0.95
! 17 tau-alpha product for normal incidence
1.12
! 18 Semiconductor bandgap
1.552
! 19 Value of parameter "a" at reference conditions
9.128
! 20 Value of parameter I_L at reference conditions
0.0000000002915
! 21 Value of parametre I_0 at reference
conditions
0.2945
! 22 Module series resistance
344
! 23 Shunt resistance at reference conditions
0.008
! 24 Extinction coefficient-thickness product of cover
P_inverter ! 25 Maximum inverter power
500
! 26 Maximium inverter voltage
100
! 27 Minimum inverter voltage
0
! 28 Night tare
102
! 29 Logical unit number for inverter data
INPUTS 10
Totalincident
! Equa-3:Totalincident ->Total incident
radiation on tilted surface
108,8
! Norrköping:Output 8 ->Ambient temperature
0,0
! [unconnected] Load voltage
0,0
! [unconnected] Array slope
BeamK
! Equa-3:BeamK ->Beam radiation on tilted surface
DiffuseK
! Equa-3:DiffuseK ->Sky diffuse radiation on tilted
surface
0,0
! [unconnected] Ground diffuse radiation on tilted
surface
102,30
! Type16g:Incidence angle of surface 5 ->Incidence angle
on tilted surface
102,2
! Type16g:Solar zenith angle ->Solar zenith angle
109,3
! Weather data:wind velocity ->Wind speed
*** INITIAL INPUT VALUES
0 24.850006 0 27 2700 0 0 0 0 0

6

6.2.3. Battery – Type47a
LIST file:
* Model "Type47a" (Type 47)
*
UNIT 126 TYPE 47
Type47a
*$UNIT_NAME Type47a
*$MODEL .\Electrical\Batteries\Power as an
input\dQ_dt=P_eff\Type47a.tmf
*$POSITION 2567 607
*$LAYER Main #
PARAMETERS 5
1
! 1 Mode
C_Battery
! 2 Cell Energy Capacity
1
! 3 Cells in parallel
24
! 4 Cells in series
0.9
! 5 Charging efficiency
INPUTS 1
115,2
! Type48b:Power to or from battery ->Power to
or from battery
*** INITIAL INPUT VALUES
0
DERIVATIVES 1
0
! 1 State of charge1

6.2.4. Charge controller – Type48b
LIST file:
* Model "Type48b" (Type 48)
*
UNIT 115 TYPE 48
Type48b
*$UNIT_NAME Type48b
*$MODEL .\Electrical\Regulators and Inverters\System w_ battery
storage\MPP Tracking\SOC monitoring only\Type48b.tmf
*$POSITION 2429 703
*$LAYER Water Loop #
PARAMETERS 7
1
! 1 Mode
1
! 2 Regulator efficiency
0.9
! 3 Inverter efficiency
0.95
! 4 High limit on fractional state of charge (FSOC)
.1
! 5 Low limit on FSOC
0
! 6 charge to discharge limit on FSOC
Inv_cap
! 7 Inverter ouput power capacity
INPUTS 3
arrayPowerKJ
! Equa-6:arrayPowerKJ ->Input power
LOAD_TOTAL
! EL LOAD:LOAD_TOTAL ->Load power
126,2
! Type47a:Fractional state of charge ->Battery
fractional state of charge
*** INITIAL INPUT VALUES
0 0 1
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6.2.5. Exhaust air heat pump NIBE F750 – Type581a
Table 6.5: Specifications of the exhaust air heat pump F750 of NIBE according to the product data sheet
(NIBE AB Sweden n.d.).
3x230V
Output data according to EN 14 511
Specified heating output (PH)5
COP
Specified heating output (PH)6
COP
Specified heating output (PH)7
COP
Additional Power
Output immersion heater
Electrical data
Rated voltage
Max operating current
Drive output heating medium pump 2 GP6
Driving power exhaust air fan
Fuse
Enclosure class
Refrigerant circuit
Type of refrigerant
Volume
Cut-out value pressostat HP
Cut-out value pressostat LP
Heating medium circuit
Max pressure in boiler section
Max temperature (flow line)
Ventilation
Min airflow
Sound effect level according to EN 12 102
Sound power level (LW(A))4
Sound pressure levels
Sound pressure level in the boiler room (LP(A))8
Pipe connections
Heating medium ext
Hot water ext
Cold water ext
Ventilation
Water heater
Volume total
Volume boiler section (of which buffer vessel)
Volume, hot water heater
Volume buffer vessel
5

kW
kW
kW

1.144
4.2
1.498
4.72
4.994
2.43

kW

0.5-7

V
A
W
W
A

230V 3~ 50Hz
27
5-45
25-140
30
IP 21

kg
bar
bar

R407C
0.74
29
0.5

bar
°C

2.5
70 (factory settings 60)

l/s

31

dB(A)

40-55

dB(A)

36-51

mm
mm
mm
mm

22
22
22
125

l
l
l
l

215
35 (25)
180
25

A20(12)W35, exhaust air flow 108 m3/h (30 l/s) min compressor frequency
A20(12)W35, exhaust air flow 252 m3/h (70 l/s) min compressor frequency
7
A20(12)W45, exhaust air flow 252 m3/h (70 l/s) max compressor frequency
8
The value may vary with the room's damping capacity. These values apply with a
damping of 4 dB
8
6

Max pressure in hot water heater
Corrosion protection
Capacity hot water heating according to EN 255-369
Tap volume 40 °C at Normal comfort (Vmax)
COP at Normal comfort (COPt)
Idle loss at Normal comfort (Pes)
Dimensions and weight
Width
Depth
Height excl. inverter box, incl. feet
Required ceiling height
Weight

bar

10
Stainless steel

l
W

244
2.8
54

mm
mm
mm
mm
kg

600
610
2100-2125
2270
205

LIST file:
* Model "TYPE581a" (Type 581)
*
UNIT 133 TYPE 581
TYPE581a
*$UNIT_NAME TYPE581a
*$MODEL .\Utility Library (TESS)\Multi Dimensional Data
Interpolation\4 Independent Variables\TYPE581a.tmf
*$POSITION 926 1461
*$LAYER Weather - Data Files #
PARAMETERS 7
73
! 1 Logical unit
4
! 2 Number of independent variables
3
! 3 Number of dependent variables
3
! 4 Number of values of 1st independent variable
4
! 5 Number of values of 2nd independent variable
4
! 6 Number of values of 3rd independent variable
5
! 7 Number of values of 4th independent variable
INPUTS 5
HP_ON
! Equa HP:HP_ON ->Control function
Tair_hp_in ! Equa HP:Tair_hp_in ->First independent variable
airflow_to_HP_
! AIRFLOW:airflow_to_HP_ ->Second independent
variable
T_HP_in
! Equa HP:T_HP_in ->Third independent variable
COMP_SPEED_HP
! Equa HP:COMP_SPEED_HP ->Fourth independent
variable
*** INITIAL INPUT VALUES
1.0 0.0 0.0 0.0 0.0

9

A20(12) exhaust air flow 150 m3/h (42 l/s)

9

6.2.6. DHW store – Type340
LIST file:
* Model "Type340 DHW" (Type 340)
*
UNIT 129 TYPE 340
Type340 DHW
*$UNIT_NAME Type340 DHW
*$MODEL .\Nonstandard\Type340_Storage.tmf
*$POSITION 1652 1309
*$LAYER Main #
PARAMETERS 126
1.05
! 1 storage height
VSTOREDHW ! 2 storage volume
CPWAT
! 3 spec. heat capacity of the fluid in the storage
RHOWAT
! 4 density of the fliud in the storage
4.49
! 5 effective thermal conductivity in the storage
4
! 6 number of heat exchangers (fixed)
45
! 7 initial temerpature of the whole system
0
! 8 bottom heat loss capacity rate
0
! 9 top heat loss capacity rate
-1
! 10 rel. length of 1. zone
10
! 11 For 1. Zone heat loss capacity rate from storage to
ambient
...
0
! 41 rel. height of inlet postition from doubleport -7
1
! 42 rel. heigth of outlet position from doubleport-7
0
! 43 additional parameter for doubleport (not used)-7
0
! 44 stratified charging with doubleport(=1)-7
...
0
! 57 rel. position of temperature sensor-1
0.25
! 58 rel. position of temperature sensor-2
0.5
! 59 rel. position of temperature sensor-3
0.75
! 60 rel. position of temperature sensor-4
1
! 61 rel. position of temperature sensor-5
0
! 62 auxiliary heater mode
...
0.81
! 69 rel. inlet position of the heat exchanger-1
0.04
! 70 rel. outlet position of the heat exchanger-1
0.003
! 71 volume of heat exchanger-1
CPWAT
! 72 spec.heat capacity of the fluid in the heat
exchanger-1
RHOWAT
! 73 densitiy of the fluid in the heatexchanger-1
359.99999 ! 74 heat transfere capacity rate from the heat exchange
to the store-1
0
! 75 1. parameter for the calculation of (UA)*-1
0
! 76 2. parameter for the calculation of (UA)*-1
0.6
! 77 3. parameter for the calculation of (UA)*-1
0
! 78 heat loss capacity rate from the heat exchanger to
ambient-1
0
! 79 stratified charging with first heat exchanger if
sch1=1 or sch1=2-1
0
! 80 factor for secondary mass flow rate (only if
sch1=2)-1
0
! 81 factor for time dependency of (UA)h1,s-1
...
0.001
! 121 accuracy for calculating the temperatures
1
! 122 accuracy for temperature dependency of (UA)* (%)
10000
! 123 precision fo the mixing process in the store
0
! 124 flag, if the temperature-dependence timestep
control is used (1=yes)

10

5
! 125 number of nodes for the storage
0
! 126 emulation of former versions
INPUTS 30
122,1
! Type11b:Temperature at outlet 1 ->inlet temperature of
doubleport-7
122,2
! Type11b:Flowrate at outlet 1 ->fluid flow rate of
doubleport-7
127,3
! Type11f:Temperature at outlet 2 ->inlet temperature of
heatexchanger-1
127,4
! Type11f:Flow rate at outlet 2 ->fluid flow rate of heat
exchanger-1
56,6
! BUILDING: 6- TAIR_TVATT ->ambient temperature
*** INITIAL INPUT VALUES
60 0 60 0 60 0 60 0 60 0 60 0 60 0 60 0 60 0 60 0 60 0 60 0 60 0 60
0 15 0

6.2.7. SH Buffer – Type60b
LIST file:
* Model "Type60b SH" (Type 60)
*
UNIT 132 TYPE 60
Type60b SH
*$UNIT_NAME Type60b SH
*$MODEL .\Thermal Storage\Detailed Fluid Storage Tank\Vertical
Cylinder\Uniform Losses and Node Heights\2 Inlets, 1
Outlet\Type60b.tmf
*$POSITION 1697 1565
*$LAYER Water Loop #
PARAMETERS 32
2
! 1 User-specified inlet positions
0.025
! 2 Tank volume
0.20
! 3 Tank height
-1
! 4 Tank perimeter
0.05
! 5 Height of flow inlet 1
0.18
! 6 Height of flow outlet 1
0.05
! 7 Height of flow inlet 2
-1
! 8 Not Used (outlet 2)
CPWAT
! 9 Fluid specific heat
RHOWAT
! 10 Fluid density
3.0
! 11 Tank loss coefficient
1.40
! 12 Fluid thermal conductivity
0.0
! 13 Destratification conductivity
100.0
! 14 Boiling temperature
2
! 15 Auxiliary heater mode
...
0.0
! 26 Overall loss coefficient for gas flue
20.0
! 27 Flue temperature
6
! 28 Fraction of critical timestep
0
! 29 Gas heater?
0
! 30 Number of internal heat exchangers
0
! 31 Equal node sizes
0
! 32 Uniform tank losses
INPUTS 9
138,2
! Type11f-2:Flow rate at outlet 1 ->Flow rate at inlet 1
0,0
! [unconnected] Flow rate at outlet 1
127,2
! Type11f:Flow rate at outlet 1 ->Flow rate at inlet 2
0,0
! [unconnected] Not used (outlet 2)
138,1
! Type11f-2:Temperature at outlet 1 ->Temperature at
inlet 1

11

127,1
! Type11f:Temperature at outlet 1 ->Temperature at inlet
2
56,6
! BUILDING: 6- TAIR_TVATT ->Environment temperature
0,0
! [unconnected] Control signal for element 1
0,0
! [unconnected] Control signal for element 2
*** INITIAL INPUT VALUES
0.0 -2 0.0 -1 20.0 20.0 22.0 0 0
DERIVATIVES 1
50
! 1 Initial temperature of node

12

