


 

Abstract 
Recently, decentralized household photovoltaic (PV) systems have become 
more affordable and there is a trend of decreasing subsidies for the PV excess 
electricity fed into the grid. Therefore there is growing interest in methods to 
increase the self-consumption (SC), which is the part of the electricity pro-
duced by PV and directly consumed on buildings. It has been found that bat-
tery storage is an effective way to achieve this. When there is a heat pump 
system installed, thermal energy storage using the thermal mass of the build-
ing or hot water tanks, can also be used to increase the household self-suffi-
ciency and minimize the final energy use. 

The main aim of this thesis is to develop operational control strategies for 
the heating system of a single-family house with an exhaust air heat pump, a 
photovoltaic system and energy storage. In order to accomplish this a detailed 
system model was developed in TRNSYS 17, which includes a six-zone build-
ing model and the heat pump control. Moreover, these control strategies in-
clude short-term weather and price forecast services.  

Another objective is to evaluate the impact on the benefit of these control 
strategies in terms of energy use and economic performance for a wide range 
of boundary conditions (country/climate, electricity prices, occupancy and ap-
pliance loads).  

Results show that the control using a forecast of dynamic electricity price 
in most locations leads to greater final energy savings than those due to the 
control using thermal storage for excess PV production. The exception is Swe-
den. Moreover, the addition of battery storage leads to greater decreases in 
final energy than the use of the thermal storage (TH mode), which is limited 
to the thermal mass of the building and small hot water tank of the compact 
heat pump. As far as the impact of the advanced control (combined use of TH 
and PRICE) on cost savings is concerned, savings (up to 160 �) are possible 
in Spain and in Germany. 

The design of the TH and PRICE mode show low computational complex-
ity that can easily be implemented in existing heat pump controllers. Addi-
tionally, the PRICE mode should have no capital and running cost for the end 
user while the TH mode might require an external electricity meter. 
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Abbreviations and Symbols 

AUX  auxiliary electrical heater 

BMS  battery management system 

DHW  domestic hot water 

EAHP       exhaust air heat pump 

EL  electrical mode 

HP  heat pump 

IEA SHC  International Energy Agency Solar Heating and  
  Cooling 

PRICE  price prediction mode with real price variation 

PRICE_TH  price prediction thermal mode 

PRICE_TH+EL  price prediction thermal mode and electrical mode 

PRICE2x  price prediction mode with amplified price variation 

PRICE2x_TH  price prediction thermal mode with amplified price 
  variation 

PV  photovoltaics 

PV_TH  photovoltaic prediction thermal mode 

PV_TH+EL  photovoltaic prediction thermal mode and electrical 
  mode 

SH  space heating  

SMHI  Swedish Meteorological and Hydrological Institute 

TH  thermal mode 

TH+EL  thermal mode and electrical mode 

 

 

 

 

 

 



 

 

Symbols 

Cc  cost  of electricity certificates (�) 

Cfixed  added values  cost of purchased electricity (�)  

COP  coefficient of performance 

Csp  cost based on the spot market price (�) 

FE  final energy use (kWh) 

NCOE     annual net cost of electricity (�) 

Priceavg  near future average electricity price (�/MWh) 

SC  self-consumption (%) 

SF    solar fraction (%) 

SPF  seasonal performance factor (%) 

Wel,AUX  annual electricity demand for  

  the auxiliary heater (kWh) 

Wel,HP  annual electricity demand for the heat pump  

  compressor (kWh) 

P  electricity price band (�/MWh) 

Treftank  change in domestic hot water tank set point temper
  ature compared to reference value (K) 

Tsetzone  change in zone set point temperature compared to 
  reference value (K) 
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1. Introduction 

1.1 Background 
In a global perspective, according to United Nations (UN) sustainable devel-
opment goals [1], energy usage is the dominant contributor to climate change, 
accounting for around 60 per cent of total global greenhouse gas emissions. In 
order to combat climate change the UN has proposed to increase sustainably 
the share of renewables in the global energy mix and to drastically increase 
energy efficiency globally by 2030 [1]. Moreover, the European Union has set 
specific targets for the share of renewables and for energy efficiency by 2030 
[2]. Photovoltaic systems (PV) is one technology that could contribute to reach 
the European goal of 57% increase of renewable electricity share in the Euro-
pean power system. According to the Eurostat statistics of 2016 for the EU 28 
members, the demand for space heating and hot water accounts for the most 
part of the final energy consumed [3]. All delivered electricity amounts to 24 
percent for the aforementioned total energy use. Heat pump (HP) systems can 
contribute to energy efficiency and reduce the greenhouse gases and primary 
energy compared with the fossil-fueled boilers. In the EU, heat pump sales 
show that during the last 4 years there has been an annual market growth of 
more than 10% [4], and this growth is leading to an accelerated contribution 
to reducing CO2 emissions. 

In the Nordic climate, and specifically in Sweden every second house uses 
some type of heat pump, and the main heating method for space heating and 
domestic hot water in detached houses is electricity, accounting for 47% of 
the total annual use of energy [5].  

To date, due to economies of scale, household PV systems have become 
affordable and there is also a trend of decreasing subsidies for the PV excess 
electricity fed into the grid. Therefore, a series of recent studies [6-16] have 
looked at various ways of how to increase the self-consumption (SC) which is 
the part of the electricity produced by PV and directly consumed on buildings 
and thus their profitability. Electrically driven heat pumps can effectively be 
combined with PV grid connected systems that provide, on-site, part of the 
demand that these units require and the household electricity.  

Moreover, these PV-HP systems together with energy storage, either elec-
trical such as batteries or utilizing the thermal mass of the building or hot water 
tanks, can increase the household self-sufficiency and minimize the final en-
ergy and the impact to the grid [17].   
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The extent to which this can be achieved depends on the operational control 
strategies [18-20], which should be designed in such a way, so that they pro-
vide multi-objective system control that targets optimal integration of solar 
photovoltaic systems with heat pumps.  
Since the initial stages of the thesis, limited studies with multi-objective sys-
tem control specifically for exhaust air heat pumps both in literature and in 
practice were found to exist.  
 

1.2 Aim of the thesis 
 
This study focuses on: small scale PV grid connected roof top systems for 
single family houses combined with compact heat pumps, electrical and / or 
thermal storage and smart control strategies. 
The main research objective of this thesis is to develop operational control 
strategies that utilize the PV electricity in a smart way with minimum com-
plexity.  The scope of the studies is for a commercial compact exhaust air heat 
pump system whose heating capacity is limited by the ventilation rate and thus 
has a backup electrical heater, as well as having a relatively small hot water 
tank. The algorithms are developed with the objective to be kept simple so 
that they can easily be implemented in the current controller and could be 
added to other types of heat pumps. Objectives that are more specific are the 
following: 

 
 To determine how a system with PV and heat pump with energy storage 

can be controlled beyond the default control in order to have a high solar 
fraction, minimum bought electricity and limited supply of solar energy 
production to the grid. 
 

 To investigate the potential of overheating of the thermal storage (mass of 
the building) and the relative small domestic hot water tank versus elec-
trical storage for specific boundary conditions. 
  

 To include external signals of forecast services in the control strategies, 
like short-term weather forecast and dynamic pricing of electricity in or-
der to develop predictive control of the heat pump operation. 
 

 To evaluate the impact of the developed control strategies on the energy 
use and economic performance of the system for a broader range of 
boundary conditions such as location, occupancy including electricity and 
lighting demand and dynamic electricity pricing variations. 
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1.3 Overview of the thesis and the appended papers 
This thesis is structured as follows. Chapter 2 provides a background of the 
methodology starting with the simulation models, which are used to model the 
building, the heating system and the photovoltaic system with the energy stor-
age. Thereafter the data are described and the overview of the control strate-
gies is given. Moreover, Chapter 2 describes briefly the key figures used for 
the evaluation of the results. A selection of the results are presented in Chapter 
3. The findings and limitations are discussed in Chapter 4. The conclusions of 
the thesis and appended papers are linked to the aims and given in Chapter 5, 
followed by suggestions for future work in Chapter 6. Finally a summary in 
Swedish is given in Chapter 7. The results of the thesis are based on the ap-
pended Papers I-III and briefly described as follows: 

 
 Paper I describes the structure of the rule based control strategies 

and examines their impact to the energy use performance for the 
Swedish conditions.  

 
 Paper II extends Paper I, two predictive control strategies are intro-

duced and examined for the Swedish conditions. Paper II includes 
a simple economic evaluation of the impact of the aforementioned 
strategies.  

 
 Paper III examines the rule based and predictive rule based control 

strategies in a broader range of boundary conditions such as loca-
tion, occupancy including electricity and lighting demand and dy-
namic electricity pricing variations. 
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2. Method  

The methodology is comprised of the following parts: In Paper I and II the 
focus was to develop system models such as the heat pump with the PV system 
and the energy storage in the simulation software TRNSYS and develop rule 
based and predictive rule based algorithms for Swedish conditions (Paper II). 
While in Paper III the objective was to evaluate the impact of the developed 
control algorithms and the energy use and economic performance of the sys-
tem by system simulations in a broader range of boundary conditions in six 
locations in Europe including Sweden. 
                                                                                                                                                   

 2.1 Simulation tool 
 

TRNSYS is a transient systems simulation program with a modular structure 
[21]. The TRNSYS library includes many of the components commonly found 
in thermal and electrical energy systems, as well as component routines to 
handle input of weather data or other time-dependent forcing functions and 
output of simulation results. The modular nature of TRNSYS gives the pro-
gram great flexibility, and facilitates the addition to the program of mathemat-
ical models not included in the standard TRNSYS library. Component models 
are part of the package, and the modeler�s task is to combine models to make 
a complete system model, the complexity of which is the decision of the mod-
eller. The main applications include: solar systems (solar thermal and photo-
voltaic systems), low energy buildings and HVAC systems, renewable energy 
systems, cogeneration, fuel cells. For all papers TRNSYS 17 was used for the 
simulations and the developed algorithms are implemented mainly by using 
the equations component (Equa).  
 

2.2 System and building description 

 
The reference-building is for a typical (Swedish) detached single-family house 
of one floor with a gabled roof that has an overall U-value of 0.2 W m-2 K-1 
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and 143 m2 heated floor area with radiant floor heating. The floor slab is con-
structed of 0.1m thickness of concrete and 0.3m of insulation. The floor heat-
ing pipes diameter is 0.02m and the pipe spacing in the slab is 0.2m. 
 A roof top PV system and electrical storage is considered as an optional en-
ergy storage.  The heating system comprises of a variable speed exhaust air 
compact heat pump system that delivers heat to both space heating and DHW.  
Figure 1 shows the layout of the compact heat pump and the reference building 
with the PV system and the battery storage. 

 

 

Figure 1. Layout of the compact heat pump and the reference building with the PV 

system and the battery storage. Zone 1 and 3 are the ones overheated by the control 

algorithms. 

 

 

2.3 Models 
 
In this chapter, the main models, which represent the components of the sys-
tem such as the building, the heat pump, the PV system and the battery storage, 
are briefly described. More details can be found in Leppin [22]. 
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2.3.1 Building model and country dependent variations 

 
A detailed model of the house with six zones is used in all included papers. 
This is described in detail by Persson and Heier [23]. TRNSYS�s type 56 is 
used for the house model and the internal active layer is used to  the floor 
heating. The heat losses from the compact heat pump system (including DHW 
store) are applied as internal gains to the zone representing the utility room, 
and different occupational and electrical appliance gains are applied to the 
appropriate zones in the building. Three of the six zones (bedrooms and utility 
room) have a set temperature of 20 C, the bathroom 22 °C and the other two 
zones (living room and kitchen) have 21 C [14]. In the overheating algorithms 
described later, only the zones with the living room and bathroom are over-
heated, while bedrooms are not affected directly. However; heat transfer be-
tween zones due to open doors is  modelled (yellow arrows in figure 1). A 
further detailed description of the base case system can be found in [22]. 

The reference-building model is the basis for the examined locations in Pa-
per III, however the insulation standard (U-value) for the buildings in the var-
ious climates was derived from the building stock resources TABULA 
webtool [24]. In the TABULA project, the building stock in each European 
country was divided into classes of different types and ages. The thermal char-
acteristics of the generic building type in this study was acquired from those 
single-family houses built in the year 2009. As the size of the exhaust air heat 
pump is dependent on the ventilation rate, it cannot be sized for the highest 
load, and it is not suitable for buildings with very high load as the auxiliary 
electrical heater is then used too much leading to low system seasonal perfor-
mance factor (SPF). Initial simulations showed that the insulation standard for 
Spain resulted in excessive use of the electrical heater, leading to a system 
SPF below 2.5, so the values were altered to be the same as those for Germany 
in order to get a building that is suitable for this kind of heat pump. More 
details about the SPF values and the heat loads can be found in Table 8 of 
Paper III. 

2.3.2 HVAC system 
 
The compact unit comprises of the heat pump with evaporator for exhaust air 
heat recovery, compressor, condenser as well as DHW store and a small buffer 
volume for the SH distribution and associated control valves as shown in fig 
1. The heat pump is modelled in TRNSYS, based on a performance map type 
581 with the input variables being inlet air temperature, inlet water tempera-
ture and compressor speed. Outputs are the heating rate capacity and the com-
pressor power input. These performance map data, which are derived from 
detailed measurements made by the manufacturer, include the energy required 
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for defrosting of the evaporator under standard conditions which means that 
defrosting periods is included in the overall COP. In Paper II and III in the 
performance map data, are included limitations for the compressor envelope. 
The 180 liters DHW tank is modeled with the non-standard type (340) using 
5 nodes, with temperature sensor for control. The SH is supplied directly by 
the heat pump through a simple, small buffer store of 25 litres that is modelled 
using a type 60 with 1 node.  

The default control of the heat pump and the compressor speed is based on 
the  degree minutes calculation method and a heating curve with a design sup-
ply temperature of 38 °C for an ambient temperature of -15 °C (case of Norr-
koping). The controller for this is modeled as for the real heat pump using a 
form of PI compensatory control algorithm dependent on the SH supply tem-
perature. Moreover, an electric backup heater is activated on a specific thresh-
old of accumulated degree minutes when the thermal power provided by the 
heat pump is insufficient to meet thermal power needs.  

2.3.3 PV System and electrical energy storage 
 
In paper I and II, three PV system sizes and three battery storage sizes (3, 5.7 
and 9 kW and 3.6, 7.2, 10.8 kWh respectively) are considered in all simula-
tions studies.  In Paper III the small and the medium PV sizes were used only 
in the matrix of the boundary conditions with and without the two respectively 
battery storage sizes.  The PV system is modeled with the type 194 mode  in-
cluding the PV array and the grid connected inverter. The battery management 
system (BMS) and the battery bank with the integrated battery inverter respec-
tively are modelled upon the combination of the types 48 and 47. Type 47 uses 
a simple energy balance model for the battery. More details about the specifi-
cations of the PV system components and models can be found in Table 2 and 
chapters 2.13 and 2.14 of Paper II.  

2.4 Meteorological data 
 

Studies from the literature have found the importance of the short time step 
resolution data. Luthander et al. [17] point out that using low time resolution 
data overestimates the self-consumption and that sub hourly data are needed, 
otherwise short time-scale peaks are missed, resulting in an underestimation 
of the mismatch between PV power production and load. According to Widen 
et al. [25] it is less critical with PV power data than load data, while Wyrsch 
et al. [26] suggest a temporal resolution of at most 0.5 minutes for load data 
and 10 minutes for PV data. 
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For the Swedish case, the reference location is Norrköping, Sweden 
(58.6°N, 16°2E). Measured high-resolution (one minute) meteorological data 
by the Swedish Meteorological and Hydrological Institute (SMHI) from the 
year 2011 (Paper I) and from 2015 (Paper II) are used in the simulations. The 
weather data is used both for calculation of the PV electricity production and 
for calculations of passive solar energy gains and heat losses in the building 
model. In Paper III (fifteen minutes) resolution satellite solar irradiation data 
from the year 2015 are used from the CAMS radiation service [27] and mete-
orological data are provided from the Solar Radiation Data (SoDa), MERRA-
2 web service also for Norrköping [28]. 

Six European locations are examined in Paper III: Norrköping, London, 
Stuttgart, Lyon, Madrid and Rome. The choice of location affects the climate, 
insulation standard of the building, lighting and appliance profiles as well as 
electricity prices. More details about the characterization of the chosen cli-
matic zones are listed in Table 1.  
 

 

Table 1. Examined climates for the simulation study  

Location Climate zone Heating 
degree 
days (10)1 

Overall U 
value 
[Wm 2K 1] 

Space heat 
[ kWh year-1 ] 

PV  
production 
AC (5.7 kW) 
[ kWh year-1 ] 

Norrköping  
(Sweden) 

Nordic 4118 0.2 14748 6519 

London 
(UK) 

Oceanic 3513 0.38 17495 6829 

Stuttgart  
(Germany) 

Continental 2966 0.34 17383 7800 

Lyon 
(France) 

South- 
Continental 

2326 0.75 14126 8526 

Madrid 
(Spain) 

Southern Dry 1795 0.34 12185 11041 

Rome 
(Italy) 

Mediterranean 1396 0.42 11624 10312 

 1 base temperature of 10°C 
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2.5 Stochastic DHW data, appliances` use and 
occupancy profiles 
 
In paper I and II two adults and two children are defined to be living in the 
house, and the internal heat gain from these people and their use of appliances 
is calculated using a Markov-chain model for occupancy and energy use (in-
cluding lighting) as described in Widén et al. [29]. The model includes the 
DHW demand in Paper II, the modeling of which has been thoroughly cali-
brated to comply with Bales et al. [30]. In Paper I the DHW profile is based 
on the one from the McSheep Project [31] which is derived by the program 
DHWCalc [32] and adjusted for this study according to [30].  Occupancy, do-
mestic electricity and DHW load profiles cover a complete year and have a 
one minute resolution so as to be able to accurately calculate PV self-con-
sumption. In paper III three different profiles are used in all examined loca-
tions. 2p is for two adults, 4p is for two adults and two children, while 4p+ has 
the same occupancy and DHW load profile as for 4p but with a greater use of 
appliances. Table 2 shows the electrical and DHW demand for the three dif-
ferent profiles for the case of Sweden and also lists the resulting electricity 
demand for the heat pump (including auxiliary electrical heater).  
 

Table 2. Annual Electricity and DHW demands in Sweden for the three different 
profiles used in paper III as well as those used in Papers I and II. 

Paper Occupancy Electricity  
consumption  
appliances 
(kWh/year) 

Electricity con-
sumption HP 
(kWh/year) 

 DHW 
 consumption 
(kWh/year) 

I 4p 34374 6506¹ 29793 

II 4p 35134 6242² 2925  

III 2p 26894 6116² 2469  

III 4p 36494 6957² 4159  

III 4p+ 55064 6957² 4159  

 ¹ Weather data 2011  ² Weather data 2015 
³ DHWcalc tool   Derived with tool from Widen et al 
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2.6 Electricity tariffs 
 
Paper II includes two electricity tariffs schemes such as variable monthly tariff 
(flexible tariff scenario) and dynamic hourly spot market price [18]. While 
paper III Includes only dynamic electricity price for the simple economic per-
formance calculations of the net cost of electricity. Paper I does not include 
any cost calculation based on the electricity price. Table 3 shows the overview 
of the electricity price components of all examined locations. For the Swedish 
case the spot market price is derived from the Nord Pool [33] but the other 
components are based on data retrieved from Eurostat [34] and [35].  
 

 

Table 3. Breakdown of residential electricity average price for the year 2015, for 
the examined locations. 

 
 

2.7 Developed Control strategies 
 
Beyond the default heat pump control the proposed control strategies aim at 
the �optimal� utilization of the thermal and the optional electrical storage by 
the PV electricity production. The logic of the control strategies is influenced 

 Paper II Paper III 

 
Sweden Sweden UK Germany France Spain Italy 

Energy and  
supply  
[Euro-ct/kWh]  

3 3.9 12.1 7.0 5.7 12.0 9.6 

Network  
[Euro-ct/kWh]  

5 5.5 4.6 6.0 4.3 4.5 8.5 

Energy taxes  
[Euro-ct/kWh] 

5.5 6.1 3.5 14.9 5.6 4.5 12.2 

Total  
[Euros/kWh] 

0.135 0.15 0.20 0.28 0.16 0.21 0.30 

Spot market price 
fraction of the 
total price  [%] 

13% 14% 21% 11% 25% 25% 17% 

VAT [%] 25% 25% 5% 19% 20% 21% 22% 
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from the literature review and the manufacturer empirical know how. The con-
trol algorithm parameters are derived based on sensitivity analysis. One pro-
posed control action on the heating system is to force the heat pump to operate 
when excess PV electricity is available. A second control action is to charge 
the electrical storage by the same principal (excess PV electricity) in order to 
use the stored energy to supply the electrical loads at a later state. The control 
strategies are categorized in real time control approaches and more advanced 
using forecast services in the near horizon (3-7 hours) based on weather and 
electricity price data. In chapter 2.7.1 and 2.7.2, are described both the devel-
oped conventional controls strategies to increase self-consumption and reduce 
final energy and net cost of electricity as well as the predictive control strate-
gies. Figure 2 shows the control signals to the heat pump for each case of the 
two predictive controls in combination with the Thermal control. More details 
for all control strategies can be found in Paper II.  

It should be noticed that the control parameters and thresholds were derived 
for the Swedish conditions (Paper I and II), with the aim of minimizing the 
final energy use, net cost of electricity and to increase self-consumption and 
solar fraction. An overview of the control strategies, included in the three pa-
pers, is shown in Table 4. 
 

 

  

2.7.1 Rule based algorithms 

 
Thermal mode TH: The control objective is to overheat two zones (zone 1 
and zone 3) in the building as shown in fig 1, above their reference set point 
values of 21 and 22 °C respectively by 1K, utilizing the heat capacity of the 
0.1m concrete slab and to overheat the DHW tank above its reference set point 
of 50 °C by 6K. This mode is triggered based on a minimum threshold of the 
excess PV electricity of 320 W. Moreover, this mode disables the auxiliary 
electrical heater when overheating occurs for both SH and DHW. Fig 2 shows 
the control signals to the heat pump for the TH mode and for each case of the 
two predictive controls PRICE and PV.   
 

Electrical mode EL: Charging of the batteries is controlled by excess PV 
production, after domestic electricity load is met. The battery management 
system controls the state of charge between 10 and 90%. Within these state of 
charge limits, charging occurs whenever there is excess PV and discharge oc-
curs up to the maximum discharge rate as soon as the load exceeds the PV 
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production. When both thermal and electrical storage are applied, thermal 
storage (TH mode) has priority in Paper II and III and the battery is only 
charged after the changed set point is achieved, or the excess PV is adequate 
that the battery can be charged at the same time as the heat pump is operating. 
In paper I the priority between the combined control strategies is given to the 
charging of the batteries. 
 

2.7.2 Predictive rule based algorithms 

 
Price prediction thermal mode (PRICE_TH): By accessing the next day 

dynamic electricity price from the electricity exchange market and comparing 
with the current price, this control algorithm can limit or even avoid the pur-
chase of energy in those periods of time when it is expensive. In practise, this 
mode regulates the heating demand when the price is low and the space heat-
ing set point is raised by 0.5 K. When the price is high the space heating set 
point is lowered by 0.5 K respectively.The price is defined as high or low by 
comparing the current price with the average price (Priceavg ) in a near-future 
interval of time (from 4 to 7 hours ahead) with a band ( P) of 5 �/MWh. This 
mode is combined with the  thermal mode (TH), which disables the electrical 
heater when overheating occurs.  Figure 2 (right) shows the signal for the ac-
tivation of the control and the changes in the room air set point temperatures 
and in the tank compared to reference values. 

 
PV prediction thermal mode (PV_TH): This mode is based on a perfect 

weather forecast in terms of global horizontal and direct normal irradiance. 
The cumulative PV electricity production in the near time horizon is calcu-
lated, more specifically between 7 and 8 am. If this PV production exceeds 
0.5 kWh, a night setback of -5K is applied to the DHW store set point temper-
ature for the period from midnight to 6 am. This mode is combined with the 
thermal mode (TH), which means that if there is PV excess, the DHW set point 
temperature is set to the TH value of +6K. As with the thermal model (TH), 
the electrical heater is disabled when overheating occurs. Figure 2 (left) shows 
the signal for the activation of the control and the change in the tank compared 
to reference value 
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Figure 2. Control signals to the HP for each case of the two predictive controls 
PRICE_TH (left) and PV_TH (right). In the upper figures shown the changes in set 
point temperatures compared to reference values for both SH and DHW ( Tset). The 
interaction with the thermal mode (TH) when excess PV electricity is available is 
shown in the lower figures. �AUX off� indicates that the backup electric heater is 
disabled. 
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Table 4. Control strategies overview for the control of the HP and the electrical 
storage. (In paper I ALG1 refers to the case of the TH mode and ALG 2 refers to the 
base case with batteries. ALG 3 is equivalent to the combined TH+EL mode)  

 

Paper Simulation 
cases 

PV excess SH setpoint DHW  
setpoint 

Priority 

I, II and 
III 

Base case To grid Ref Ref None 

I, II and 
III 

Base 
case+EL 
 

Charging,  
PVexcess>0 

Ref Ref Appliances 

Charging 

I, II  TH Overheating SH, 
DHW 
PVexcess>320 

1K1 +6K1 Appliances 

Thermal 

I, II and 
III 

TH+EL Overheating SH, 
DHW 
PVexcess>320 

1K1 +6K1 Appliances 

Thermal 

II PV_TH Night saving, 
Overheating   
DHW, SH 
PVexcess>320 

1K1 -5K2 +6K1 Appliances 

Thermal 

II PV_TH+EL Night saving, 
Overheating   
DHW, SH 
PVexcess>320 

1K1 -5K2 +6K1 Appliances 

Thermal 

Charging 

II, III PRICE Charging,  
PVexcess>0 

±0.5K3 Ref Ref Appliances 

Thermal 

II PRICE2x Charging,  
PVexcess>0 

±0.5K3 Ref Ref Appliances 
Thermal 

III PRICE+EL Charging,  
PVexcess>0 

±0.5K3 Ref Ref Appliances 

Thermal 

II PRICE_TH Overheating  
SH, DHW  
PVexcess>320 

±0.5K3  1K1 Ref3 +6K1 Appliances 

Thermal 

II PRICE2x_TH Overheating  
SH, DHW  
PVexcess>320 

±0.5K3  1K1 Ref3 +6K1 Appliances 

Thermal 

II,III PRICE_TH 
+EL 

Overheating  
SH, DHW  
PVexcess>320 

±0.5K3  1K1 Ref3 +6K1 Appliances  

Thermal 

Charging 
 1 Thermal mode (TH) setting 

2 PV_TH mode (only DHW night setback) 
3 PRICE setting  
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2.8 Key performance indicators 
 

The key figures that are used to evaluate the energy use performance of the 
residential photovoltaic and heating system are described in detail in Paper II 
and are as follows:  
 

 Final energy use (FE) is the bought electricity from the grid  

 

 Self-consumption (SC) is the fraction of PV electricity consumed in 

the building relative to the total PV electricity production. 

 

 Solar fraction (SF) is the self-consumed electricity relative to the 

total electrical load for the building, including the electricity for the 

compressor (Wel,HP) and the auxiliary heater (Wel,AUX). 

 

A simple way to evaluate the annual economic performance of the system 
is the annual net cost of electricity (NCOE), which is comprised of the cost 
of the purchased electricity less the revenue of the excess (sold) PV electricity. 
The cost is equal to the spot market price Csp and the added values denoted as 
fixed fees in Paper II (Cfixed per kWh). In paper III, the components of the 
electricity price are described in detail.  The revenue consist of the spot price 
Csp and the electricity certificates CC for the Swedish conditions (Paper II), but 
the latter is not included for the examined European locations in Paper III 
since in reality the revenue scheme for these examined locations is non uni-
form so an assumption for a fair comparison is necessary. Value added tax is 
included only in the cost. Paper I did not include any NCOE calculations. 
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3. Results 

 
This section summarizes the results from the included papers. For the evalua-
tion of the results, the key performance indicators that are described in chapter 
2.8 are used. In chapter 3.1 the impact of the control algorithms on the energy 
use performance of the system is presented while in chapter 3.2 are shown 
results on the economic performance. Moreover, results of the impact of the 
control strategies based on the reference thermal comfort quality for two par-
ticular locations Norrköping in Sweden and Madrid in Spain are presented in 
chapter 3.3.  
 

 

3.1 Energy use performance 
3.1.1 Impact of battery storage 

 

Paper I shows that the use of electrical storage has greater positive impact 
compared to the thermal storage as shown in Figure 3 with the settings (prior-
ity for charging of the batteries) and component sizes used. The results in pa-
per II are in line with those from paper I.  
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Figure 3. Comparison of the key figures between the base case and the control algo-
rithms ALG1 (TH), ALG2 (EL) and ALG3 (TH+EL). Final energy in blue (dia-
monds), self-consumption in green (triangles) and solar fraction in brown (squares). 
The PV sizes are denoted with solid lines (3.1 kW), dashed lines (5.7 kW) and dot-
ted lines (9.3 kW). 

 

Table 5 shows that the reduction in final energy by adding a battery is ap-
proximately twice that of adding the smart control algorithms. The same trend 
is found for the increase in SC and SF. 
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Table 5. Key Figures for the 5.7 kW PV system and the examined predictive control 
strategies   

3.1.2 Impact of compressor speed control  

 
In Paper II and III the TH algorithm tries to adjust the HP speed in order to 
match the instantaneous power of the HP compressor with the instantaneous 
PV excess electricity. The default control is to run the compressor according 
to the demand, which can result in either export to or import from the grid. 
This default control is used in Paper I and compared with PV controlled com-
pressor speed in Paper II. Figure 4 shows the impact to FE and SC for the case 
of TH mode, which has frequency control for the overheating mode compared 
to the default HP control without PV excess matching. The smallest PV sys-
tem shows the highest FE savings and 3% SC increase with implementing 
frequency control based on PV excess. The medium size system shows similar 

 Base 
case  

Base case 
+EL 

PRICE_TH PRICE_TH 
+EL 
 

PV_TH PV_TH+EL 
 

Space heat  
[kWh year-1] 

14237 14233 14417 14415 14418 14418 

DHW  
[kWh year-1] 

3456 3454 3510 3498 3500 3487 

Heat pump 
electricity  
[kWh year-1] 

4720 5084 5079 5000 5020 

AUX heater 
electricity  
[kWh year-1]   

1522 1051 1059 1182 1153 

SH Aux 
[kWh year-1]   

1059 581 590 719 687 

DHW  Aux 
[kWh year-1]   

463 470 470 463 466 

PV self- 
consumption 
[%] 

30 50 37 56 37 56 

Solar fraction 
[%] 

20 34 25 38 25 38 

Final energy 
[kWh year-1] 

7290 6052 6775 5601 6794 5623 

NCOE  
[Euros year-1] 

702 612 666 589 665 590 
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FE change. However, no change is noticed for the SC. For the larger PV sys-
tem, the impact is minimal for both the FE and the SC when the frequency 
control is active, due to the unutilized larger PV excess. 

 
 

 
Figure 4. FE and self-consumption with and without (�no HZ control�) compressor 
speed control based on PV excess for the TH1 mode. 

3.1.3 Impact of degree of overheating in TH mode 
 

In Paper II the benefits of overheating the kitchen and the livingroom (Z1 and 
Z3) are examined by increasing the zone set point temperature from 1 up to 3 
K. The largest share of the annual final energy is required for the SH demand. 
Moreover, the mass of the concrete floor slab has higher potential as thermal 
energy storage compared with the compact, relatively small hot water tank of 
the heat pump. In addition, the combination of the overheating with the use of 
electrical storage is also examined. The overheating of the DHW is kept to 
default values for all cases (TH1 � TH3). Figure 5 shows the self-consumption 
(SC) for all variations of set point temperature as well as the base case for the 
three PV system sizes, with and without battery storage.  
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Figure 5. Self-consumption by overheating the zones Z1 and Z3 between 1 and 3 K 
for the 3.1, 5.7 and 9.3 PV system sizes respectively, with and without electrical 
storage. 

 

Figure 5 shows that the increase in SC with increasing set point value (TH1 
� TH3) is slightly smaller when there is a battery than without, and that it is 
smaller for the largest PV size. The largest increase is for TH3 with a PV 
system size of 3 kW without battery. This is due to the fact that with larger 
PV sizes there are more times when there is no utilized excess PV even when 
the heat pump is operating and that the TH mode has priority over storing in 
the battery (EL mode). 
 

3.1.4 Impact of boundary conditions on FE and SC 
 

Paper III examined the influence of six locations/climates, dynamic price var-
iations, three occupancy profiles and appliance loads as well as three room set 
temperature levels on the energy use performance due to the implementation 
of the TH and PRICE mode and as shown in terms of  FE in Figure 6 and 

SC in Figure 7 respectively. The results show, in contrast to Paper II that in 
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most cases apart from Norrköping, PRICE control results in greater final en-
ergy savings. 

 
 

 

Figure 6. Change in final energy ( FE) due to the advanced control algorithms for 
the small PV system with battery for the full range of boundary conditions: country, 
appliance use (2P, 4P and 4P+) and room set temperature (20, 21 and 22 °C) . 

 

The impact of the appliance load profiles on FE is small for the PRICE 
mode, but that of the TH mode is significantly larger for small appliance loads 
in all locations. This is due to larger amounts of excess PV energy being avail-
able, and thus a more frequent use of the TH algorithm. 
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Figure 7. Change in self-consumption ( SC) due to the advanced control algorithms 
for the small PV system with battery for the full range of boundary conditions: coun-
try, appliance use (2P, 4P and 4P+)  and room set temperature (20, 21  and 22 °C) 

 
 
As far as the SC change is concerned, as shown in Figure 7, the trend is 

that SC increases with higher set temperature setting in most cases. Norrkö-
ping has the largest increase and Rome has the lowest.  

 
This increase in SC is smaller for the larger appliance use profiles, and in 

Rome there is in fact a decrease in SC for set temperature of 22 °C compared 
to 21 °C for the two large appliance use profiles. 
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3.2 Economic performance  
3.2.1 Impact of dynamic price variation   

 
 
A sensitivity analysis was realized in Paper II for the Swedish conditions in 
order to identify how increased spot price variations impact on the results for 
the PRICE and the PRICE_TH modes. For this case an amplified dynamic 
price was used and the results of the NCOE are shown in Figure 8. It is found 
that the use of the predictive control using dynamic spot prices (PRICE) leads 
to a small cost saving that increases marginally with increasing PV systems 
size and that the amplified price variation (PRICE2x) leads to greater cost 
savings, but not double.  
 

Figure 8. Change of annual cost of electricity of the household ( NCOE) for all 
three PV system sizes without battery and for the control modes: PRICE_TH for both 
real price variations and for amplified price variations (PRICE2x_TH),  as well as 
thermal mode without predictive control (TH) and the predictive price control on its 
own without overheating, for real price variation (PRICE) and amplified price varia-
tions (PRICE2x). 
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The thermal mode (TH) gives larger cost reductions, while the combination 

of the predictive price control for real price variations and overheating 
(PRICE_TH) has comparable savings to those for TH. However, when the 
price variation is amplified by a factor 2, the savings increase with increasing 
PV size and are two percentage points greater for the largest PV size. 
 

In Paper III the influence of a broader range of boundary conditions as de-
scribed in chapter 3.1.4 is examined in terms of change of the NCOE and the 
results for the examined locations are shown in Figure 9. PRICE control re-
sults in greater impact on cost savings compared to TH control, apart from for 
Stockholm,  while, all locations have some economic benefit from the TH 
control.  
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Figure 9. Change of net annual cost of electricity ( NCOE) due to the advanced 
control algorithms for the small PV system with battery for the full range of bound-
ary conditions: country, appliance use (2P, 4P and 4P+)  and room set temperature 
(20, 21  and 22 °C).  

 

The trend is that the benefit from both control modes decreases with in-
creasing appliance energy demand, which is due to lower available excess PV 
power. The cost savings are partly due to the electricity prices when the algo-
rithm is active but also due to the careful control of the auxiliary heater and 
reduced final energy as shown in Figure 6 chapter 3.1.4. Stuttgart and Madrid 
show the highest benefits of the PRICE mode, while Rome, London and Lyon 
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have significantly less benefit. Stockholm case shows very low cost savings. 
In all cases, increasing the zone set point by 1K (above the 21 °C) results in 
lower net cost savings. 

3.2.2 Impact of tariff structure   

 
In Paper II the influence of the tariff structure on the NCOE was evaluated 

for the Swedish conditions. Figure 10 shows the variation of NCOE compar-
ing two tariff scenarios: dynamic spot market price (hourly) and the monthly 
average regulated price (flexible tariff contract). For the base case, the base 
case with battery (EL) and the predictive control mode PV_TH, the dynamic 
price tariff (Spot) results in lower NCOE compared to the monthly fixed tariff 
(Flexible) the larger the PV system is. This result is mainly due to daily vari-
ation of the spot market price and the higher income during the periods when 
excess production of PV electricity occurs.   

 

 
Figure 10.  Comparison between two tariff scenarios: dynamic price and the 
monthly regulated price (labelled �Spot� and �Flexible� respectively in the legend) 
and the impact to the NCOE. This is shown for the three PV system sizes and TH, 
EL and PV_TH modes.   
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3.3 Thermal comfort 
 

Paper III also examines the impact of the control strategies thermal comfort 
quality. The TH and Price mode combined could result in either overheating 
or lowering the heating demand in a way that might not be acceptable for some 
end users. Zone temperature is a metric to show this. Specifically the hourly 
variations of the indoor temperature of the biggest zone of the building for the 
simulated heating seasons are shown in Figure 12 a and b and Figure 12 c and 
d for one hot and one cold climate.  The set point zone temperature was 21°C 
and overheating of 1K was allowed in the case of the TH mode. 
 

a.               b.                             c.                        d.                                        

Figure 11. Hourly temperature of the living room during the heating seasons for the 
case with No control: a.and b  Norrköping  (left side), c and d. Madrid (right side) 

             a.                         b.                              c.                         d. 

 

 

 

 

 

Figure 12. Hourly temperature of the living room during the heating seasons for the 
case with PRICE and TH control mode control (PRICE_TH): a and b Norrköping 
(left side), c and d Madrid (right side) 

 

Fig. 12 shows that there is a tendency in Norrköpping that the algorithms 
lead to slight overheating, more during the spring (a) than the autumn (b). On 
the contrary in Madrid there is very little tendency to overheating, as there is 
a tendency for lower temperatures due to the impact of the price mode. The 
variation in temperature is slightly greater in Madrid than Norrköping, be-
tween 19.5°C and 22.5°C, while it is 20.0 � 22.0°C in Norrköping. In both 
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locations the changes in indoor temperature due to the control algorithms are 
relatively small (<1°C). In both Madrid and Norrköping, the average temper-
ature is above the set temperature due to excessive solar gains in some parts 
of the year. 
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4. Discussion 

In this thesis, the potential of utilizing the PV electricity and the energy storage 
by means of overheating the thermal mass of a hot water tank and the mass of 
the building and/or the optional battery storage is determined. A direct com-
parison of the three energy storage means reveals that the relative small hot 
water tank has the smallest possible heat capacity of 1.25 kWh when over-
heated by 6 K, while the concrete mass of the building (of two zones) has more 
than three times higher potential even when been overheated by 1 K. The stor-
age capacity of the battery depends of the size of the PV system and varies 
from useful 3.24 to 9.54 kWh. The advantage with battery storage is that it 
can be used at a later point both to supply the appliance load as well as to 
supply the heat pump load, which provides in this case the heating demand.   
Paper I studied the effect of the combination of the non-predictive control al-
gorithm TH with the battery (EL mode) and one of the outcomes was that they 
are mostly independent of one another for the settings of that study (priority 
for charging the battery). In terms of final energy savings, the combined use 
of TH and EL mode leads to nearly the same savings of final energy as the 
combined savings of thermal storage and batteries separately. Similar trend 
was found also in Paper II.  

However based on the results shown in Paper II, the addition of predictive 
control when there is a battery does not give as large a reduction as when there 
is no battery. The priority for the control in Paper II was given to the thermal 
mode. Paper II also shows that the reduction in final energy and net cost of 
energy by adding a battery is approximately twice that of adding the predictive 
control algorithms for the Swedish conditions. 

Paper III shows that the benefit of using both control modes is not quite 
additive in some cases such, showing that there is some, but not much, conflict 
between the modes. 

The results of this thesis are comparable with results from the literature 
with relatively similar boundary conditions such as the type of the heat pump, 
the thermal storage size and the energy cost.  It is noticeable that the thermal 
mode TH for the medium photovoltaic system has significant impact for the 
Swedish case on the system performance, with solar fraction increase of 5%, 
final energy use reduction of 6% and cost savings of 6% even when increasing 
the space heating set point by only 1 K. This outcome is in line with other 
studies such as Dar et al. [22] which showed solar fraction increase of 6% for 
an air to water heat pump for a single family house in Norway (Oslo climate).  
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The findings in Rodriguez et al. [23] showed that, for their case study with 
a ground source heat pump in Germany, around 13% cost savings could be 
achieved without sacrificing the thermal comfort noticeably. This is based on 
the strategy in which the heat pump is activated only by the electricity price 
thresholds and the space heating set point temperature can deviate±1 K. As 
the absolute price variation in [26] is more than double what was used in paper 
II, (real price variation) results from Paper II with the amplified price variation 
and for the examined case of Stuttgart in Paper III are quite consistent with 
those found in the aforementioned study. 

The TH mode has been optimized for the specific operation of this type of 
variable speed heat pump in Swedish conditions in order to reduce bought 
electricity in the overheating mode. Part of this optimization is to actively limit 
the use of back up auxiliary heater and to add the overheating algorithms �on 
top of� the base case algorithm, which is implements the detailed control of a 
commercial exhaust air heat pump. This is the main reason for the reduction 
in final energy for the TH algorithm, while the reduction in net cost of energy 
is based on the reduction in FE as well as the benefit of using more PV elec-
tricity for heating, ie a greater self-consumption. The same control strategy 
was used in Paper III without any further optimization for the examined loca-
tions.  

In Paper II and III the economic analysis is simplified, based on the net cost 
of electricity and no degradation, or life cycle cost or capital cost is included. 
This means that the absolute profitability is not evaluated. Concerning the rev-
enue calculation for the Swedish conditions in Paper II, a possible future sce-
nario is considered without any subsidies but with a market based renewable 
electricity certificate. In paper III, since there is a diversity of regulations and 
incentives among the examined locations, the selected scenario, which may 
possibly be a future scenario for all countries, is that the price the prosumer 
gets for selling to the grid is merely the spot market price.  

For the case in Sweden, the dynamic price based on the energy spot market 
contributes approximately only a third of the total end user electricity price, 
and the absolute variations are small. Thus the rule based predictive control 
based on dynamic electricity price with overheating (PRICE_TH) results in 
relatively small cost savings. In contrast, in locations such as Madrid and 
Stuttgart, which have the highest electricity cost of the locations, larger sav-
ings (up to 160 �) are possible. Increasing the price variations by a factor of 2 
for the Swedish case, shows a higher potential of cost savings (up to 5.4%) for 
the system with the medium and larger PV systems.  

The studies in Paper I and II used higher resolution ground measured data 
(irradiance and temperature in one minute timestep) for the years 2011 and 
2015 respectively. In Paper III satellite data with a fifteen minutes resolution 
for the year 2015 has been used, as shorter time resolution measured data was 
difficult to obtain for all locations. The weather affects both the PV production 
and the demand for the heating system, and varies from year to year as well 
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as between locations. It also indirectly affects the spot market price by varied 
availability of renewable electricity (hydro, wind and PV) and thus the NCOE 
for the end user.  

The developed control strategies could have applicability to other types of 
heat pumps such as air to water and ground source heat pumps with rely to 
provide the  auxiliary heating, which provide both the space heating and do-
mestic hot water demand.  Both the Thermal and the PRICE mode could be 
beneficial in general in the studied climates. As part of the benefit in this study 
is due to reduced auxiliary heater use, for heat pump systems that use very 
little auxiliary the absolute benefits would be smaller than shown in this study. 
It is expected that in any country where the daily variability of energy prices 
is quite large, that the PRICE algorithm will have significant benefits.  

The TH and the PRICE mode implementation in the heat pump software 
would require relative low computational work. In practice, specifically for 
the TH mode and the if the speed control to match PV excess is used, then the 
amount of PV production and electrical load has to be communicated to the 
heat pump from the inverter, which might require extra investment. For some 
inverters in the market, this might be is already a standard feature, for others 
an additional low cost meter might be of (60 to 100 Euros) is required in order 
to measure the excess PV electricity. The predictive PRICE mode would re-
quire access to the forecast of the electricity prices from the exchange spot 
market, however, most heat pumps have internet access and the manufacturer 
would provide this feature with no cost to the end user. 
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5. Conclusions  

 

A number of rule based and predictive rule based control algorithms are de-
veloped and examined with the intension to decrease final energy and net cost 
of electricity and increase self-consumption in a way that can be easily imple-
mented in real controllers and with low computational complexity. To accom-
plish this a detailed system simulation model that includes a six-zone building 
model and a detailed model of heat pump control were developed. Namely, 
the main control modes are presented in this thesis as follows: the rule based 
TH mode, the objective of which is to overheat specific zones above their ref-
erence set point values utilizing the thermal mass of the building and to over-
heat the DHW tank above its reference set point. The predictive rule based 
PRICE mode, which uses the forecast of the dynamic electricity price to adjust 
the heating demand, the predictive PV thermal mode based on the irradiance 
forecast, which applies a night setback to the DHW store set point tempera-
ture, and the electrical mode, which is the addition of battery storage.  

The benefits of the developed advanced control algorithms compared to a 
system with the same PV with and without battery system have been evaluated 
for a broad range of boundary conditions and the summary of the results are 
presented in this thesis. The following key figures have been used, namely, 
final energy use, self consumption, solar fraction and net cost of electricity. 

The impact of the TH mode to the self-consumption increase varies among 
the examined climates. Sweden shows the highest increase, 13% and 10% for 
the small and medium size PV system respectively, for the occupancy of two 
persons. A linear decrease of the impact on self-consumption is noticed for all 
locations as the appliances� demand becomes greater. This is caused by the 
decreasing amount of excess PV electricity available.  

The results of Paper III show that the PRICE mode results in higher final 
energy use savings than the TH mode in all locations apart from Sweden.  The 
reduction is mostly due to the intelligent control of the electric auxiliary heater 
resulting in less use than in the normal control mode.  

The impact of the advanced control on cost savings varies greatly, with 
small savings possible in Stockholm (<40 �) and large savings (up to 160 �) 
possible in Spain and in Germany, which has the highest electricity cost of the 
locations. Moreover, in Paper II a sensitivity analysis has shown that when the 
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price variation in Sweden is increased by a factor of 2, cost savings due to the 
PRICE mode are nearly doubled, reaching 5.4% for the largest PV size. 

The use of battery gives far greater decreases in final energy than the use 
of the thermal storage (TH mode), with the specific sizes of components such 
as the relative small hot water tank of the compact heat pump. On the other 
hand, the implementation of the TH mode and furthermore the PRICE mode 
has no capital and running cost for the end user compared to the battery initial 
cost and the expected degradation.   

The benefit of using both control modes (TH and PRICE) is not quite ad-
ditive in all cases, since there is to some extent, but not significant, a conflict 
between the modes. 
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6. Future work  

The examined control strategies were developed for the Swedish boundary 
conditions. The control algorithms parameters are derived from simulation 
sensitivity studies and could be optimized for a broader range of boundary 
conditions.  Further work should aim to increase the flexibility of the rules in 
the algorithms on an annual basis. Moreover, a yet further goal could be to 
include a multi objective genetic algorithm compatible with TRNSYS in order 
to identify the optimal solution for each control strategy. 

In practice, the implementation of the control strategies both in the lab and 
in the field is quite limited and their applicability and robustness is needed to 
be examined. 
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7. Sammanfatning på Svenska 

Nyligen har decentraliserade hushållens fotovoltaiska (PV) -system blivit mer 
överkomliga och det finns en trend att minska subventionerna för PV-excess-
el som matas in i nätet. Därför ökar intresset för metoder för att öka egenför-
brukningen (SC), som är den del av el som produceras av PV och direkt kon-
sumeras på byggnader. Det har visat sig att batterilagring är ett effektivt sätt 
att uppnå detta. När ett värmepumpssystem installeras kan lagring av värmee-
nergi med byggnadens termiska massa eller varmvattenbehållare också använ-
das för att öka hushållens självförsörjning och minimera den slutliga energi-
användningen. 
Det huvudsakliga syftet med denna avhandling är att utveckla operativa styr-
strategier för värmesystemet i ett enfamiljshus med en frånluftsvärmepump, 
ett solcellssystem och energilagring. För att åstadkomma detta utvecklades en 
detaljerad systemmodell i TRNSYS 17, som inkluderar en byggnadsmodell 
med sex zoner och värmepumpstyrningen. Dessutom inkluderar dessa kon-
trollstrategier kortsiktiga väder- och prisprognostjänster. 
Ett annat mål är att utvärdera påverkan på fördelarna med dessa kontrollstra-
tegier när det gäller energianvändning och ekonomisk prestanda för ett brett 
spektrum av gränsvillkor (land/klimat, elpriser, arbetsmiljö och apparatsbe-
lastning). 
Resultaten visar att kontrollen med användning av en prognos för dynamiskt 
elpris på de flesta platser leder till större slutliga energibesparingar än de som 
beror på kontrollen som använder termisk lagring för överskott av PV-pro-
duktion. Undantaget är Sverige. Dessutom leder tillägget av batterilagring till 
större minskningar av den slutliga energin än användningen av termisk lagring 
(TH-läge), vilket är begränsat till byggnadens termiska massa och den lilla 
varmvattenbehållaren i den kompakta värmepumpen. När det gäller effekterna 
av avancerad kontroll (kombinerad användning av TH och PRICE) på kost-
nadsbesparingar är besparingar (upp till 160 �) möjliga i Spanien och i Tysk-
land. 
Konstruktionen av läget TH och PRICE visar låg beräkningskomplexitet som 
enkelt kan implementeras i befintliga värmepumpregulatorer. Dessutom bör 
PRICE-läget inte ha något kapital och driftskostnad för slutanvändaren medan 
TH-läget kan kräva en extern elmätare. 
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