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1 INTRODUCTION 

It is generally accepted in the European Union (EU) that buildings account 
approximately for 40% of the total primary energy use [1]. EU has adopted an 
ambitious target to improve energy efficiency by 20%. To achieve the goal, the 
directive on the energy performance of buildings (EPBD) was adopted in 2010 
(2010/31/EU [1]). This directive is compulsory for each member state.  
In 2010 residential buildings used 26.7% [2] of the total primary energy. The 
proportion of energy allocated to space heating in buildings is 57% [3]; when 
averaged through the EU (annual heating energy use has been estimated at 173 
kWh/m2 in apartment buildings and between 150 and 230 kWh/m2 in residential 
buildings [4]), respectively in Northern-Europe (Estonia) 62% in apartment 
buildings [5] and 70% in dwellings [6]. Historically, primary energy use for 
space heating in the residential sector has been substantially higher compared to 
buildings with well-insulated and advanced ventilation systems [7].  
In nearly zero energy buildings (nZEB), the situation is totally different - the 
share of energy use for space heating from the total delivered energy (space 
heating; supply air heating; domestic hot water; cooling; fans and pumps; 
lighting and appliances) is only 25% in nZEB detached houses and even 12% in 
apartment buildings in northern climate [8]. This overall situation has created a 
new challenge for heating systems. An obvious requirement for reduction of the 
control and system losses is underlined in existing buildings with higher heating 
energy need.  
On the whole, three main possibilities are available to decrease heating energy 
need and to achieve ambitious EU targets: 

 Minimizing heat losses – lowering U-values or tightening the building
envelope elements;

 Minimizing heating system distribution and emission losses;
 Producing heat more efficiently.

It is well known that energy consumption for space heating can be significantly 
reduced. In terms of the current thesis, minimizing heat losses were not topical. 
It has been reported that insulating the envelope elements are cost optimal and 
profitable [9] [10].   
Today we are facing new challenges like using, producing and distributing heat 
more efficiently to ensure accurate indoor climate for occupants. The thesis 
investigates the overall efficiency of heating systems in residential buildings. 
Although heat production is a wide topic, we will analyze the impact of return 
temperature on the residential heat pump coefficient of performance (COP) 
because it is directly influenced by the heat distribution and emitting system. 
Heat pumps conform to today’s understandings and the nZEB concept. 

1.1 Background 
To implement the EU building energy efficiency strategies, European 
Committee for Standardization (CEN) has worked out more than forty different 
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relevant standards. Besides the standardization framework, many project reports 
and studies have been conducted to find solutions for reduction of energy needs 
for space heating. Besides the energy efficiency, thermal comfort is sometimes 
more important for occupants. Thus, the future challenge is to produce, 
distribute and emit heat by low losses, at the same time keeping thermal quality 
through occupied area. 

1.1.1 Modeling of heating system losses 
Heating need or energy use for heating can be modeled by European Standard 
(EN) 13790 [11], but it has relevant mistake - it calculates heating need by 
constant indoor temperature, but actual indoor temperature fluctuates. At real 
temperatures, heating need obviously decreases due to the control and system 
losses. An extensive study has shown that heating systems are substantially 
oversized (e.g., circulation pump for three times), and system optimization will 
decrease energy needs by 7.3% [12]. Another paper reports that adding a 
thermostatic valve will decrease energy needs by 2 to 10% [13].  
According to the CEN standard EN 15316-1:2007 [14], a heating system can be 
divided into four main parts: generation, storage, distribution and emission 
whereas all these parts have losses (Figure 1-1). 

 
Figure 1-1 Classification of heating system losses according to the EN 15316-1:2007. 

 In the thesis focus is on the distribution and emission losses, generation and 
storage losses are excluded. Heat generation losses (i.e. boiler efficiency) have 
been extensively studied in product development projects as well as in scientific 
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studies. Some studies have concluded that it is possible to save energy up to 20% 
by improving boiler control [15] or up to 15% by changing a conventional boiler 
to a condensing boiler [16]. Studies of different heat distribution systems in an 
apartment building  report that higher efficiency allows apartment based 
solutions [17]. Generation losses with calculation equations and tabulated values 
are described in the following CEN standards: 15316-4-1:2007[18]; 15316-4-
2:2007 [19]; 15316-4-3:2007[20]; 15316-4-4:2007 [21]; 15316-4-5:2007 [22]; 
15316-4-6:2007 [23], and 15316-4-7:2007 [24]. 
Distribution and emission losses have been studied scarcely. The reference study 
of EN 15316 [25] reports tabulated values for distribution and emission losses of 
15% for heating curves 55/45 °C and 19% for 70/55 °C in a radiator heating 
system in a residential dwelling in Brussels. No reference could be found for low 
temperature heating systems. A very early study [26] reports an additional 
emission loss up to 5% of the heat emission of radiators in old buildings with 
poor insulation and less than 1% in new buildings with good insulation. The 
reason of very limited studies might be the complicated dynamic phenomena of 
distribution and emission losses. Distribution losses contribute as internal heat 
gains and may not be estimated by theoretical hand calculations because of the 
utilization process of dynamic heat gain rather than constant flow rates in the 
pipes. In addition to wall insulation, emission losses depend on the flow 
temperatures and the heat output of radiators and they need also dynamic 
treatment. Until now, building energy simulation tools typically have given no 
support to detailed modeling of the heating system with a pipework, thermostats 
and radiators all with continuously changing flow rates and temperatures.  
In addition, several studies have compared different heat emission systems, 
especially floor and radiator heating. It has been concluded that a low-
temperature heating system improves thermal comfort [27]. CFD based steady 
state investigations indicate that higher PPD is achieved with floor heating, 
although low- and medium temperature radiator heating systems reach more 
steady air speed and temperature level in occupied zones, especially close to the 
window [28]. It has been shown that low-temperature radiant panels can help to 
achieve 11-27% of energy compared to conventional heating systems [29]. On 
the whole, most recent studies concentrate on conventional buildings, but a 
totally different situation prevails in low-energy buildings where heat losses are 
minimized. 
International Organization for Standardization (ISO) standards 7726 [30] and 
7730 [31], which are widely used in thermal comfort calculations and 
measurements, are based on the use of operative temperature as a perceived 
temperature determining general thermal comfort of an occupant. Operative 
temperature is not yet implemented in the new updated prEN 15316-2:2014 
methodology that calculates heating system losses from air temperature. The use 
of operative temperature the occupant is experiencing instead of air temperature 
will cause a difference in the heat emission losses depending on radiant 
temperatures in a room. In principle, operative temperature control results in a 
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thermal state in a room that leads to exactly the same thermal sensation by 
occupants, independent of the used heat emission system. In the case of 
conventional air temperature controlled floor and radiator heating systems, the 
thermal sensation could be slightly different at the same air temperature set point 
because of a different operative temperature. 

1.1.2 Radiator impact on system’s overall efficiency 
Losses caused by radiators are divided into three main factors: losses due to non-
uniform temperature distribution (stratification), losses to the outside from 
heating devices embedded in the structure and losses due to imperfect control of 
the indoor temperature. Emission losses standard [32] provides tabulated values 
for all of these factors as efficiency values, which can be used to calculate the 
total emission efficiency. In the case of radiators, no embedded components are 
present. Stratification losses depend on over-temperatures and losses via external 
components, i.e. location of the radiator. In rooms with mechanical supply air, 
the temperature gradient is low [33].  
Data available on the emission efficiency of radiators allow taking into account 
the heating curve and the insulation level of a building. To quantify the 
differences due to radiator configuration, more detailed methods are needed. 
Radiators with serial connected panels have been reported to be able to provide 
11% of energy saving [34]. However, this has been argued with up to 100% 
higher radiation heat transfer and also shorter heating up time of radiators.  
The limitation of the standard EN15316-2.1:2007 and its new version prEN 
15316-2:2014 is that the effect on the operative temperature on heat emissions is 
not accounted, as the calculation procedure is fully based on air temperature. In 
reality, different radiators have some effect on the radiant temperature and the 
operative temperature is the basic parameter of the thermal comfort standard ISO 
7730:2005. An operative temperature, the temperature a human being is sensing, 
is calculated as an average of air and mean radiant temperature. Therefore, to 
compare the energy efficiency of a heat emitter accurately, it is necessary to 
conduct measurements and simulations at the same operative temperature that 
was taken into account in this study. 

1.1.3 Modeling of seasonal performance of a heat pump 
Heat pump heating systems are popular and widely used for preparing domestic 
hot water and space heating all over Europe, especially in Nordic countries. Heat 
pumps are considered as one possible solution to reduce primary energy 
consumption and have often been proposed as a substitute for conventional 
systems (electric, gas boilers, oil boilers, etc.) to produce domestic hot water and 
space heating [35]. Heat pumps have been regarded financially attractive 
because of reasonably short payback periods, in particular in colder climates or 
at higher heating needs [36].  
As a common solution, a heat pump is connected with a floor heating system 
where the temperature curve is lower than in a conventional radiator heating 
system. In this thesis research, special focus was on heat pump performance in a 
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radiator system where temperature drop is typically higher in sizing and in 
operation as compared with floor heating; and it ensures lower return water 
temperature. In sizing, typical temperature drops are 15 to 20 °C in a 
conventional radiator heating system, 10 to 15 °C in low temperature radiator 
heating and 5 to 10 °C in an underfloor heating system. Most of existing heat 
pump models and software do not consider the effect of return water temperature 
on COP, because that would require dynamic heat output and flow rates 
calculation in the building that can be done with dynamic simulation tools, and 
usually a simple condenser model assumption are used. Therefore, models that 
neglect calculation of the actual return temperature are more suitable for floor 
heating systems where temperature differences are smaller. All the heat pump 
models make some assumptions and simplifications. Scarpa has considered three 
main types of approaches: numerical approximation, general thermodynamic and 
detailed approach. Most detailed approaches achieve an accuracy of less than 
10% [37]. In this thesis, a general thermodynamic approach was used. From 
literature, many models and calculation approaches of heat pump performance 
can be found, but most of them are simplified mostly the consumption side [38], 
i.e. it is complicated to model accurate consumption and inlet-outlet 
temperatures. Or alternatively, models describe steady state calculations as 
specified in standards [39].  
Heat pump COP is influenced by its working mode, i.e. space heating or 
domestic hot water preparation. This thesis will concentrate on the space heating 
mode because energy need for space heating is a dynamic process; energy need 
for domestic hot water is influenced by a usage profile. Heat pump performance 
testing is described in EN 14511-2 [40] and ISO 5151:2010 [41]. International 
Energy Agency Heat Pump Program (IEA HPP) has launched Annex 28 to 
compare different standards EN [42]. Karlsson’s work under IEA HPP Annex 28 
includes heat pump tests by both EN standards (14511 and 255). The results 
show that the former standard EN 255-2 [43] gives higher COP values than EN 
14511-2 due to mass-flows not defined in EN 255, which resulted in 
unrealistically low inlet condensing temperatures in a few testing points. 
According to EN 14511-2, heat pumps were tested at standard rating conditions 
of the temperature difference of 5 °C (for outlet temperature up to 45 °C). 
Karlsson’s test results, like earlier studies [44], show that heat pump COP is 
influenced by the condenser inlet temperature (i.e. lowering return water 
temperature will increase heat pump performance). Evidently, the temperature 
difference of 5 °C used in testing of heat pumps underestimates the performance 
for radiator heating systems quantified in this study. For instance, Nyers’ 
calculations by the steady-state mathematical model show that the condenser 
performance increases 1.9 times if the inlet water temperature decreases from 50 
to 20 °C [45]. 
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1.2 Aims and content of the study 
This thesis research concentrates on the efficiency of the heating system the 
quantification and improvements of which were analyzed in low energy 
buildings with relatively small heating needs. The main focus was on the 
distribution and emission efficiency, but the generation efficiency was included 
in the heat pump analyses.  
Properly designed heating systems with high efficiency could decrease the 
energy use without compromising thermal comfort. Considering stringent energy 
performance requirements on the one hand and ensuring occupants expectations 
on the high level thermal comfort on the other hand, it is essential to generate, 
distribute and emit heat more efficiently, which could be based, for instance, on 
lower temperature levels, more accurate control and other technical solutions. A 
motivation for the study was a very limited number of scientifically reported 
studies on the heating system emission and distribution losses.  
The main aim of this thesis was to test and develop a calculation methodology 
for the efficiency of heating system distribution and emission based on a 
validated and detailed simulation model (I, IV). This approach was compared to 
the use of existing tabulated values of distribution and emission losses. Because 
the tabulated values do not exist for well-insulated buildings, the focus was set 
to the determination of efficiency values of low temperature systems in a low 
energy building.  
The work was carried out for residential low-energy buildings in a cold (Tallinn, 
Estonia) and Central European (Munich, Germany) climate. Specific objectives 
were as follows: 

 to provide input for updating of 15316-2-1 standard, which is under 
revision together with other EPBD standards for the preparation of 
second generation EPBD standards, regarding: 

o include all components of emission losses for radiator and floor 
heating in residential buildings (I, IV); 

o introduce an operative temperature correction in order to enable 
fair comparison of the radiator and the floor heating (IV) 

 to determine distribution heat losses in heated rooms, which could serve 
as an input in the future development of 15316-2-3 standard (I); 

 to determine the effect of insulating on distribution losses (I); 
 to quantify the differences in heat emission efficiency for radiators with 

parallel and serial connected panels (II); 
 to analyze thermal comfort and operative temperature in the EN 422 

radiator test room (II); 
 to analyze the performance of radiator heating with a heat pump, 

especially the effect of the return temperature on the seasonal 
performance of a heat pump (III). 

 to test hand calculations of SPF based on hourly heating energy needs 
and the return temperature of the theoretical heating curve (III) 
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1.3 Outline of the thesis 
Introduction gives an overview of the heating system losses and defines the 
problem statement. 
In Paper I, a building with a full heating system (including special circulation 
pump, pipe, valve, controller and radiator models) was simulated. Distribution 
and emission losses were quantified by dynamic simulation, including all flow 
and heat transfer effects. This was arguably the most detailed modeling attempt 
for a radiator heating system so far done by a building energy simulation tool. A 
conventional and a low temperature radiator heating system were calculated for 
a carefully selected detached house and an apartment building. All the 
calculations were conducted with Tallinn and Munich climate files to make 
results usable across Europe. As a result, the input for the revision of EN 15316-
2-1 standard was provided, consisting of new tabulated values for tabulated 
values of the emission system of a residential radiator heating system. 
Paper II investigates and compares radiators of serial and parallel connected 
panels. Laboratory measurements for the same size and type of radiators with 
parallel and serial connected panels were conducted in the EN 442-2:2003 test 
room at the same conditions to quantify energy savings. Due to small 
differences, the heat transfer process was analytically modeled in the EN 442-
2:2003 test room in order to be able to correct operative temperature levels up to 
0.2 °C. This allowed the comparison at exactly the same temperature levels. 
Additionally, the seasonal energy performance was analyzed by dynamic 
simulation software, which has limitations for a radiator model, but still allowed 
modeling of the radiator surface temperatures according to the laboratory 
measurements. Adequate scientific comparison of serial and parallel radiators 
was conducted, including energy, heat output and operative temperature effects. 
In Paper III the heat pump model was added to the detailed heating system 
model to analyze the dynamical return temperature effect on the seasonal 
performance factor (SPF) of the heat pump. Laboratory measurements were 
performed as well to quantify this effect against the condenser model. Applying 
the derived condensing temperature correlation equation in the simulations, the 
effect of large temperature drops in a radiator heating system and the effect of 
the studied connection schemes were quantified. 
Paper IV compared emission losses of a radiator and a floor heating system and 
simulation results with the revised 15316-2-1 standard tabulated values. 
Standard methodology uses heating system control by air temperature, but to 
consider the same thermal sensation for occupants, the operative temperature 
control was investigated. In addition, a simple one room model with different 
numbers of external envelope elements was used to analyze operative 
temperature effects analytically. Operative temperature sensitivity to occupant 
location in a room was studied with two different locations. The paper compared 
a radiator and a floor heating system at exactly the same thermal sensation of 
occupants and proposed operative temperature correction and some floor heating 
values for the revised 15316-2-1 tabulated values. 
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2 METHODS 

2.1 Calculations of heating system losses 
Some losses are typical of all the main parts of a heating system: generation, 
storage, distribution, and emission. According to 15316-2-3:2007 [46], 
distribution losses consist of system thermal losses and auxiliary losses 
(pumping energy etc.). In autumn 2014, a preliminary version of updated prEN 
15316-2:2014 was sent to the public enquiry. The methodology of the updated 
standard has been partly changed. The current 2007 version describes two 
possible ways for the calculation of emission losses: one adopted  from the 
German regulation DIN 18599 [47] - energy losses of the heat emission system 
and  the other - adopted from the French regulation RT 2005 [48] - equivalent 
increase in indoor temperature. The new standard relies on the French method 
and all tabulated values are described by the increase of the indoor temperature.  
Emission losses studied consist of the heat loss due to non-uniform temperature 
distribution, the heat loss due to the heat emitter position, and the heat loss due 
to control indoor temperature. Classification of heating system losses is shown 
in (Figure 1-1).  Emission losses are described and tabulated values can be found 
in 15316-2-1:2007 [32].  
All thermal losses are divided to recoverable and non-recoverable losses 
according to 15316-1:2007. The distribution losses caused by pipes in an 
unheated area are calculated as non-recoverable losses and losses in heated 
rooms contribute as recoverable losses until the temperature set-point is not 
exceeded. When the set-point is exceeded, the part of the loss becomes non-
recoverable; this part can be quantified based on the comparative calculation 
with ideal heating and control. Emission losses caused by the heat emitter 
(radiator) position are the additional back-wall losses through the external wall 
behind the radiator (compared to the heat loss through the same external wall 
without a radiator) and the control losses are caused by the thermostatic valve 
type controller. 15316-2-1:2007 allows use of both calculation methods: German 
and French, but the new updated version recommends to use the French method.  

2.1.1 Losses calculated by the German method 
The losses by the German method [47] are defined as additional losses to space 
heating energy need in %. The efficiency η is a reciprocal value, i.e. the energy 
use with losses can be calculated as 1/η. All losses in series or parallel can be 
calculated as additional losses for the system in % or as the total system 
efficiency. If losses are in series, the subsystem efficiencies may be calculated 
and the total system efficiency is calculated by Eq. (1). 

generationstorageondistributiemissiontot    (1) 

where ηemission is the emission efficiency; ηdistribution  is the distribution efficiency; 
ηstorage  is the storage efficiency and ηgeneration is the heat generation efficiency. 
Calculation rules can be found in the 15316:2007 standard or sub-standards. For 
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example, if the heating energy need in a room is 100 kWh, at emission losses 10 
kWh and distribution losses 15 kWh, ηemission =100/110=0.909 and ηdistribution 
=110/125=0.88. The total efficiency is ηtot =0.909·0.88=0.8, which can be 
calculated also as 100/125=0.8. 
Emission efficiency, depending on the parallel components, can be calculated 
with 15316-2-1:2007 by Eq. (2). 

)(4

1

embeddedcontroltionstratifica
emission 




  
 

(2) 

Where ηcontrol is the part of efficiency level for room temperature control; ηembedded  
is the part of efficiency level for specific losses of the external components 
(embedded systems) and ηstratification is the stratification efficiency, which is the 
part of efficiency level for a vertical air temperature profile (non-uniform 
temperature) calculated by Eq. (3). 

2
21 strstr

tionstratifica

 
   

(3) 

Stratification is influenced by:  
 over-temperature (ηstr1) that is neglected in this study, but analyzed in 

the discussion;  
 specific heat loss via external components (ηstr2), (e.g. additional heat 

loss from a back-wall of radiator), which is considered by the simulation 
model.   

2.1.2 Emission losses calculated by the French method 
The new standard relies on the French method and all the tabulated values are 
described by the increase of the indoor temperature. In this method, an 
equivalent temperature considering emission losses is calculated from the 
tabulated values by Eq. (4).  

௜௡௧;௜௡௖ߠ ൌ ௜௡௧;௜௡௜ߠ ൅ ௦௧௥ߠ∆ ൅ ௖௧௥ߠ∆ ൅ ௘௠௕ߠ∆ ൅ ௥௔ௗߠ∆ ൅ ௜௠ߠ∆
൅ ௛௬ௗ௥ߠ∆ ൅  ௥௢௢௠௔௨௧ߠ∆

(4) 

 where ߠ௜௡௧;௜௡௜ is initial internal temperature (ºC); ∆ߠ௦௧௥ is spatial variation of 
temperature due to stratification (K) (Eq. (5)); ∆ߠ௖௧௥ is control variation (K); 
 ௖௧௥ଵ should be used for standard calculation if noߠ∆ ௖௧௥ଶ whereߠ∆ ௖௧௥ଵ orߠ
information is available and ∆ߠ௖௧௥ଶ should be used for calculations with certified 
products. Alternatively, product specific values can be used if proved by 
certification; ∆ߠ௘௠௕ is temperature variation based on an additional heat loss of 
embedded emitters (K) (Eq. (6)); ∆ߠ௥௔ௗ is temperature variation based on 
radiation by the type of the emission system (K); ∆ߠ௜௠ is temperature variation 
based on an intermittent operation and on the type of the emission system (K) 
(Eq. (7)), ∆ߠ௛௬ௗ௥ is temperature variation based on non-balanced hydraulic 
systems (K); ∆ߠ௥௢௢௠௔௨௧ – temperature variation based on a stand alone or 
networked operation room automation of the system (K);	ߠ௜௡௧;௜௡௖ is temperature 
variation based on all losses (K). 
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௦௧௥ߠ∆ ൌ
௦௧௥;ଵߠ∆ ൅ ௦௧௥;ଶߠ∆

2
 

(5) 

Stratification is influenced by the over-temperature (∆ߠ௦௧௥;ଵ) and specific heat 
loss via external components (∆ߠ௦௧௥;ଶ ), (e.g. additional heat loss from the back-
wall of a radiator).   

௘௠௕ߠ∆ ൌ
௘௠௕;ଵߠ∆ ൅ ௘௠௕;ଶߠ∆

2
 

(6) 

Embedded heat loss is to be formed from the data for the main influence 
parameters system (∆ߠ௘௠௕;ଵ) and specific heat losses via laying surfaces 
 .(௘௠௕;ଶߠ∆)

௜௠ߠ∆ ൌ ௜௠;௘௠௧ߠ∆ ൅ ௜௠;௖௧௥ߠ∆ (7) 
where ∆ߠ௜௠;௘௠௧ is temperature variations based on an intermittent operation on 
the type of the emission system (K); ∆ߠ௜௠;௖௧௥ is temperature variations based on 
the intermittent operation of control (K). 

2.2 Detailed simulation model for calculating losses 

2.2.1 Basic overview of the simulation model 
All the calculations were performed by the dynamic simulation software IDA 
Indoor Climate and Energy 4.5 [49]. This tool is carefully validated and has 
advanced features for detailed building energy simulations [50]. IDA-ICE has 
several features to consider losses described in section 2.1. One limitation has 
been made for the (ηstr1) component. Although the program has two zone modes 
– climate and energy, where a vertical temperature gradient may be calculated 
by the climate mode; it is simplified and the program user should define the 
gradient value or the ventilation displacement degree. Thus, in our approach we 
used previous lab test results for calculating over-temperature losses. Two test 
reference years were used for outdoor climate, Estonian TRY [51] and Munich 
[52]. The detached house analyzed represents a typical recently built detached 
house (Figure 2-1), which has been used as a reference building in Estonian cost 
optimal calculations [8]. By small changes, the same house was modified to 
describe a multi-story apartment building. External wall at one end of the 
building was made adiabatic, which means that the model unit represents one 
apartment of a long building. Similarly, the external roof was changed to 
adiabatic, which means that the building will continue upwards. In the 
transformation from a detached house to an apartment building, technical space 
and one small window on the top left were “lost” – to ensure that the apartment 
building is more compact. All other geometry characteristics of a house unit 
remained the same in the transformation. Main technical data for both buildings 
are shown in Table 2-1.  External envelopes of the buildings are identical in 
Tallinn and Munich. 
Room set-point temperature of 21 °C was used in all zones/rooms. Heating was 
controlled with the heating curve compensated by the outdoor air temperature 
(the supply water temperature increases to the maximum as the outdoor 
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temperature decreases to the design outdoor temperature) and with individual 
room control with room thermostats. In a few cases in paper I, a limited heating 
period was used because numeric problems could not fully close the thermostatic 
valve. A limited period shows the real conditions. The balance point temperature 
was used to construct the limited heating period (balance point temperature was 
the outdoor temperature at which all thermostatic valves were fully closed, 
indicating no heating need (i.e. internal gains will exceed the heat losses)). The 
balance point temperature of 11 °C in a detached house and 9 °C in an apartment 
building were in compliance in both climates. 
During the simulations, two different heating curves for radiator heating were 
used 70/55 ºC as a conventional heating system and 45/35 ºC as a low 
temperature heating system; in addition, 35/28 ºC was used for an underfloor 
heating system. Advanced radiator model (with mass) was used. For the room 
temperature control, most common room controllers were simulated, including 
on-off and proportional controller (P) without hysteresis, both with 
proportional/on-off band of 2 K, and proportional-integrated (PI) controller 
leading to almost ideal room temperature control. Controller models can be 
found in [50]. Controller sensor is controlled by air or by the operative 
temperature. 

 
Figure 0-1 Estonian reference detached house on the left, and the house transferred to 
describe an apartment building on the right (white envelope elements are adiabatic). 

In the detached house model, no cooling system was used, but in the apartment 
building model, ideal coolers were used with a cooling set point temperature of 
25 °C. Ideal cooler and heater are standard models from the IDA–ICE library 
and they are imaginary equipment, which describe heating or cooling need 
without system losses. A mechanical supply and exhaust ventilation system with 
heat recovery (temperature ratio of 80%; supply air temperature set-point 
+18°C) was used in both modes. All energy calculation input data follow the 
Estonian regulation of minimum requirements for energy performance [53][54]. 
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Table 2-1 Basic data of the house/building 

Detached house 
Apartment 
building 

U
-v

al
ue

 (
W

/(
m

² K
))

 

Exterior wall 
0.17 

(lightweight) 
0.17 

(heavyweight) 

Roof 
0.14 

(lightweight) 
0.14 

(heavyweight) 
Ground floor 0.17 0.17 

Windows  (triple pane glazing, g=0.5) 0.8 0.8 
Specific heat loss coefficient H/Anet 

(W/(m²K)) 
0.58 0.44

V
en

til
at

io
n Ventilation (continuous) rate l/(s m²) 0.46 0.56 

Leakage rate q50. m3/(h m2) 0.6 0.6

  Usage (max = 1) W/m2 W/m2 

In
te

rn
al

 
ga

in
s Occupants 0.6 2 3

Lighting 0.1 8 8
Equipment 0.6 2.4 3

W/m2 W/m2 

H
ea

tin
g 

po
w

er
 n

ee
d 

Tallinn 
Average 29.9 
(15.9…49.1) 

Average 22 
(7.8…31.8) 

Munich 
Average 23.9 
(11…39.5) 

Average 15.4 
(6.3…25.9) 

kWh/m2 kWh/m2 

G
ro

ss
 h

ea
ti

ng
 e

ne
rg

y 
ne

ed
 

T
al

lin
n 

Heat from ventilation heat 
recovery 

55 69

Heat from internal and solar 
heat gains 

59 70

Heat from heating system 46 26 

M
un

ic
h 

Heat from ventilation heat 
recovery 

45 57

Heat from internal and solar 
heat gains 

61 72

Heat from heating system 31 16 

Two pipe radiator heating systems were used. To report heat losses from pipes, 
we have defined connection and distribution pipes as follows. Distribution pipes 
are pipes which do not serve the room where they are located (i.e. distribution 
pipes are not connected with room radiators, Figure 2-2. When the 
distribution pipe enters the last room, it is transformed to the connection pipe 
according to this definition. Therefore, the connection pipes are defined as the 
pipes located in the room where the radiator is (it applies also if the room has 
two radiators). To analyze the insulation effect, several calculations were 
performed for pipes not insulated, distribution pipes insulated or all pipes 
insulated.   
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Figure 2-2 Scheme of the heating system. Two last zones are shown to explain the definition 

of connection and distribution pipes used in heat loss reporting. 

The system has one circulation pump which either has constant pressure control 
or constant speed control. In the constant speed mode, the system has a small 
bypass between manifolds (a pipe with a diameter of 0.0001 m and length of 1 
m). Bypass was necessary to run simulations for the spring-summer period when 
radiator thermostatic valves are often closed. 
In paper IV, the thermal comfort and emission losses of a floor heating system 
were studied. The floor heating is influenced substantially by the floor 
construction (used floor types are shown in Table 2-2). 
Slab on the ground structure was the same in the apartment building and the 
detached house, but mid-floor construction type varied according to lightweight 
and heavyweight structures. 
As different from radiator heating, floor heating has embedded losses caused by 
a higher share of thermal mass compared to radiator heating.  
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Table 2-2 Simulated floor construction type for the apartment building and the detached 
house 

Detached house 

Mid-floor 

 

 

  

Slab on 
ground 

 

 

 

Apartment building 

Mid-floor 

 

 
In the case of floor heating, it is necessary to calculate separately losses caused 
by the ground or mid-floor. The overall calculation scheme is shown in Figure 
2-3 for calculating emission losses from mid-floor, in which case the ground 
floor had an ideal situation, e.g. a heating system based on ideal heaters. With 
this scheme, additional losses from the slab were eliminated that allowed us to 
simulate only the mid-floor losses. Afterwards, mid-floor losses were eliminated 
to calculate emission losses of the ground floor. 
 

 
Figure 2-3 Calculation scheme for calculating emission losses for mid-floor (left) and ground 

floor (right). 
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2.2.1 Dynamic component models for heating systems 

Ideal heater 
An ideal heating system was used for the reference simulations without any 
emission and distribution losses. It consists of ideal heaters (massless) in all 
rooms which have no defined physical location, but are described with 
convection and radiation heat output fraction (typically 40% radiation and 60% 
convective). Power is calculated by the simple Eq. (8). 

maxQCQ   (8) 

where Q is the maximum power of the unit (W); C is the control signal of the 
unit (controlled by a PI-controller and takes input from zone air temperature). 
An ideal heater is controlled by a PI controller, where control losses are minimal 
or de-facto not existing [50].  
A dynamic detailed radiator model for a standard radiator of IDA-ICE is 
connected to the external envelope element and has an additional heat loss from 
the backside of the radiator, but the radiator has no mass and the flow rate is not 
calculated [49]. We used a detailed radiator model, which has a thermal mass. 
Heat balance of the water side is calculated by Eq. (9). 

)( outinliqm TTCqP        (9) 

where P is a heat flux from the water (W); qm is water mass flow (kg/s); Cliq is 
the specific heat of water (J/kgK); Tin is the water inlet temperature to the 
radiator (°C); Tout is the water outlet temperature from the radiator (°C). 
The total heat generated by the radiator is modeled by Eq. (10). 

ndTlKP  (10) 
where K is the power law coefficient which depends on the width and type of the 
radiator (W/(mKn); l is the length of the radiator (m); dT is logarithmic 
temperature difference between the water and the air (ºC); n is a coefficent 
describing radiator convective and radiative emission share (typically 1.28). 
The total heat balance for the radiator is written by Eq. (11). 

wallconvfront QQQP  (11) 

where Qfront is the heat transfer on the front side of the unit (long wave radiation 
and convection) (W); Qconv is an extra convective heat load, e.g. from the back 
side and possible fins (W); Qwall is heat transfer between the back side of the unit 
and the facing zone surface (W). 
Heat storage caused by the thermal mass is calculated by Eq. (12). 

  airliq
surf

liqrad QQ
dt

dT
Cm 

(12) 

where mrad is a mass of water inside the radiator (kg); Cliq the specific heat of 
water (J/kgK); dTsurf radiator surface temperature (°C); dt is a time (s); Qliq is  
heat flux water to surface (W); Qair is heat flux from the radiator surface to the 
zone/room (W). 
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Radiator control loop is a standard model with PI or P control in our simulations. 
In [50] radiator thermostat (P-controller with hysteresis) was compared with 
ideal P control and minimal differences were found. Therefore, we neglected the 
effect of hysteresis in our simulations. Simulated dynamic radiators were 
equipped with RA-N 15 valve bodies, which all were fully open (i.e. the system 
was not balanced, but just controlled by P or PI thermostats). 
 
Pipe model  
For detailed calculations, a special pipe model was used (not included in the 
standard IDA-ICE model library). The pipe model provided a possibility to 
model a real system where pipes have dimensions (length and diameter and have 
pressure losses) and to simulate heat emissions of the pipes. All pipes were 
located in the room air, i.e. surface installation of pipes was considered. It is 
known that the surface installation has roughly the same heat emissions as an 
embedded installation in the protective sleeve (not insulated) as a rule of thumb. 
Heat emissions of pipes were calculated by Eq. (13): 

)( outinliqamb ttCqQ   (13) 

where Qamb is a heat flux from the pipe (W) to the ambient; q is a mass flow 
(kg/s); Cliq is the specific heat of water (J/kgK)); tin is the water inlet temperature 
(K), and tout is the water outlet temperature (K). Outlet temperature depends on 
the pipe length, pipe diameter and insulation. Heat flux from pipes can be 
calculated with a logarithmic temperature difference between the pipe’s inner 
temperature and the ambient temperature by Eq. (14). 

 
ldU

Q
t

inwall

amb




log  
(14) 

where Uwall is the total heat transfer coefficient from fluid to ambient air 
(W/(m2K), for which constant values were used, calculated by the basic heat 
transfer equation (Eq. (15) for circular pipes where heat transfer coefficients are 
expanded. 
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 (15) 

where ∆t is the temperature difference between mean air and pipe (°C);σ 
=5.67•10-8 W/m2K4 is the radiation heat transfer coefficient; ε1 is pipe surface 
emissivity; ε2 is surrounding surface emissivity; dout is pipe outer diameter mm; 
din pipe inner diameter mm; λ thermal conductivity W/(mK). 
In the calculation with pipework, all radiators receive somewhat lower 
temperature than that from the boiler. 
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Circulation pump model 
Two types of control - constant pressure and constant speed control of the pump, 
were used (Figure 2-4). Pipe model calculates pressure drops whereas 
thermostatic valves also generate pressure drops. Because of single losses (losses 
caused by branches, valves etc.) of the pipework were neglected (have no effect 
on simulated heat emissions); 3000 Pa constant pressure head was enough for 
the system. Hand-made sizing calculation at the design outdoor temperature 
showed that the pressure head of of a circulation pump of 3000 Pa was sufficient 
for the system. Constant pressure control is implemented in IDA-ICE as a 
standard model. To use constant speed control, the pump model with the curve 
shown in Figure 2-4 was used. 

 
Figure 2-4 Operation curves of a circulation pump for constant pressure and constant speed 

control. 

2.3 Modeling and analytical calculation for radiators with parallel 
and serial connected panels 

2.3.1 Radiator configurations 
The studied radiator configurations are shown in Figure 2-5. The parallel 
connected panels are in theory most effective in respect of the heat output, 
utilizing maximally the flow temperature level. In the case of serial connected 
panels, hot water flows first through the front (room-side) panel and then to the 
back (wall side) panel. The cooled water then returns to the heating pipework. 
The idea of serial connection is to increase the room side surface temperature of 
the radiator, which will increase radiation heat transfer and the operative 
temperature.  

 

Figure 2-5 Studied radiator types with parallel and serial connected panels. 
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2.3.2 Heat output and temperature measurements  
Heat emission of two radiators at a given room air temperature was measured in 
the test chamber conforming to EN 442-2:2003 requirements [55]. Two-panel 
radiators measured were physically of the same size, 0.6 m height and 1.4 m 
length, with parallel and serial connected panels and two convection fin plates in 
between, both type 22. The rated heat output of parallel panels was 2393 W and 
for serial panels 2332 W at the over-temperature ΔT=50 °C according to EN 
442-2:2003. The air temperature and heat emission of the radiators was 
controlled with the same proportional thermostat, which was a typical radiator 
thermostat complying with EN 215:2004 [56] and operating across the 
proportional band of 2 °C with the set point of 20 °C in all tests. 
In addition to the standard heat output measurement arrangements, the radiators 
and all surfaces were equipped with temperature measurement sensors. The 
effect of radiant heat transfer was estimated by measuring the 150 mm globe 
temperature. Figure 2-6 illustrates the measurement arrangement and 
temperature measurement points.  

 
Figure 2-6 Radiator and temperature measurement point locations. The room floor area is 

4.0 by 4.0 m and the room height 3.0 m. 

2.3.3 Analytical model of the EN 442-2 test room heat transfer 
In laboratory measurements, the room air temperature set point was 20 °C, but in 
reality the air temperature varied by 0.1…0.2 K at different test runs. To enable 
the comparison at exactly the same operative temperature in the room, the 
correction was applied through the analytical model of the room. In the EN 442-
2 test room, the radiator heat emission is controlled by cooling of all room 
surfaces with a water-based circulation system. Therefore, the radiator heat 
emission qtot is controlled with surface temperature Ts , which is the same for all 
room surfaces. qtot was measured from the water flow side (Figure 2-7).  
To change the surface temperature Ts in order to recalculate all consequent heat 
transfer effects and other temperatures at the same operative temperature, it is 
necessary to describe and solve the relation between qtot and Ts: 

    stot Tfq   (16) 
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Heat flows in the room and symbols used are shown in Figure 2-7. Heat losses 
consist (unit W) of radiation (qr) and convection (qc) and heat transmission 
through insulation in the wall where the radiator is mounted (qw) Eq. (17). 

bwwcrloss qqqqq   (17) 

where qbw is the heat conduction through the area behind the radiator. Radiator 
heat emission is described as Eq. (18). 

 
bcrfronttot qqqq   (18) 

where qfront= qr + qcf consists of radiation (qr) and convection from the front 
panel (qcf), qcr is convection from convection fins and qb is the total heat transfer 
from the rear panel. Because qtot and surface temperatures were measured, it is 
necessary to calculate only qr. According to the steady state heat balance, qtot = 
qloss.  

 
Figure 2-7 Heat balance of the EN 442-2 test room. Heat from cooled surfaces ((Ts) is 

removed with a water flow. 

Net radiative heat exchange can be calculated from the longwave radiation [30] 
Eq. (19). 

 44
srsrrr TTFAq   (19) 

 where σ=5.67·10-8 W/(m2K4) is the Stefan-Boltzman constant and Fεr-s is the 
total exchange factor Eq. (20).  
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As the net radiation heat exchange can be calculated byEq. (19) and qtot is 
measured, convection qc can be calculated from the heat balance as in Eq. (22). 
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rtotbwwc qqqqq   (22) 

where heat transmission through insulation on the wall where the radiator is 
mounted can be calculated from measured air and surface temperatures and 
thermal resistance of the insulation in the wall area behind the radiator by Eq. (23).  

 ssrrbwbw TTAUq   (23) 

where the wall surface temperature Tsr is measured and Ubw=1/2.483=0.402 
W/(m2K). Through the rest of the insulated wall Eq. (24). 

 sawww TTAUq   (24) 

where a building code default value of the surface heat resistance of 0.13 
(m2K)/W was used to calculate Uw=1/(2.483+0.13)=0.383 W/(m2K). With Eqs. 
(19), (23) and (24), convection heat transfer rate qc can be calculated Eq. (25). 
From qc, the convection heat transfer coefficient hc can be calculated Eq. (26). 

 sascc TTAhq   (25) 

  

  25.0
sac TTch   (26) 

where c is a constant.  
This set of equations can be used for small adjustments of the room temperature, 
which is needed to recalculate the results to the same operative temperature as 
follows: 

 change the measured Ts,1 value to Ts,2 
 calculate new over-temperature (logarithmic temperature difference 

between the water and the air) for the radiator and newly adjusted heat 
emission (27). 

 
1ln,

2ln,
1,2, T

T
qq tottot 


  (27) 

 calculate the new value of qc with Eq. (22) and iterate the new Ta,2 so 
that the constant from Eq. (26) remains the same, i.e. c2 = c1. 

This calculation provides a new air temperature Ta and a new heat emission of 
the radiator for the given change of the surface temperature value Ts. The results 
apply for small changes because the radiator surface temperatures and the wall 
surface temperatures behind the radiator are not corrected, i.e. secondary effects 
are not accounted.  
From the new Ts and Ta values, the operative temperature can be calculated and 
the procedure is to be repeated until the desired operative temperature is 
achieved. The operative temperature was calculated with the angle factors and 
equations of ISO 7726:1998 [30]. For this purpose, we used an angle factor 
between a small plane element and the surrounding surfaces used to calculate the 
plane radiant temperature given in Annex C of the standard. The mean radiant 
temperature was calculated from the plane radiant temperatures in six directions 
and the projected area factors for a person in the same six directions given in 
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Annex B of the standard. The operative temperature was calculated as an 
average of the air and the mean radiant temperature. For the comparison, the 
mean radiant temperature was calculated also from the measured standard globe 
temperature with the equation given in the standard. 

2.3.4 Case study in a dynamic simulation environment 
IDA-ICE [57] simulation software with a standard water radiator model was 
used to model the EN 442-2 test room and a typical residential room (with the 
same dimensions). In the test room, the radiator was located on the internal wall 
and on other three walls, floor and ceiling were external at –22 °C outdoor 
temperature (typical of designing outdoor temperature in Estonia, Tallinn), 
Figure 2-8. In the case of an apartment room, the radiator was located on the 
external wall with a window and there was another external wall (two external 
walls and all other surfaces were internal), Figure 2-9. The apartment room had 
exhaust ventilation without heat recovery.  
The IDA-ICE radiator model is a generic radiator model, which calculates heat 
transfer by convection and radiation from the front panel and the rest of heat 
emission is an extra convective heat transfer, as described with equations below. 
The front panel surface temperature depends on the radiator size, flow 
temperature and water mass flow (the latter is typically set by the return 
temperature in the model). Compared to the measurements, the same radiator 
size and flow temperature were used for a parallel radiator. To achieve the same 
front panel surface temperature as measured, slightly higher return temperature 
was necessary. In the case of a serial radiator, we increased also the flow 
temperature so that the front panel temperature was identical to the measured 
value. Firstly, the simulation was run at -22 °C outdoor temperature to compare 
the differences in heat outputs and secondly, all year round with Estonian TRY 
[51] for annual heating energy. 

Figure 2-8 Simulated EN 442-2 room and the radiator in IDA-ICE model (white wall is 
adiabatic) 
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Figure 2-9 Simulated residential room and the radiator in the IDA-ICE model (roof is 
adiabatic) 

In the water radiator model, the leaving water temperature was calculated by Eq. 
(28). 

  lnT

TT

aflowaret

retflow

eTTTT 





(28) 

where Tret is the return temperature and Tflow is the flow temperature. The 
radiator model was described in section 2.2.1. 

2.4 Detailed heat pump model 
Heat pump and a low-temperature heating system is a good combination for 
reaching EU goals. To calculate the efficiency of the heat pump model, in the 
laboratory measurements, heat pump performance was measured as a function of 
the return temperature. In modeling, two methods were used to calculate the heat 
pump performance as a function of heating system flow/return temperatures. In 
the first step, a dynamic simulation was conducted with an existing heat pump 
model of IDA-ICE simulation software. In the second step, an improved model 
based on laboratory measurements and the correlation derived was used to 
calculate the seasonal performance ratio of the heat pump with actual heating 
system flow/return temperatures. Four connection schemes of the heat pump 
were analyzed with dynamic simulations based on these methods. 

2.4.1 Dynamic model of the heat pump heating system 
The heating system described in section 2.2.1 was used in simulating heating 
system flow and return temperatures.  
The standard plant model was replaced to the IDA-ESBO plant model, which 
includes the heat pump model [58]. IDA-ESBO has more advanced plant models 
than those  of IDA-ICE, including a possibility to model different heat pumps, 
solar panels, wind turbines, stratification tanks etc. In the current work, the IDA-
ESBO plant model was integrated to the IDA-ICE on an advanced level. The 
heat pump selected is a residential on-off type pump with variable condensing 
temperature with working fluid R407C. Main parameters of the investigated heat 
pump used in the mathematical model of calculating the seasonal performance of 
a heat pump are shown in Table 2-3. In the radiator heating system equipped 
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with thermostatic valves, much fluctuation of the water flow occurs, resulting in 
a temperature drop, which is much higher compared to the 5 ºC temperature 
difference in the testing value of the steady-state standard heat pump (Figure 
2-10 (left)). Constant pressure circulation pump was used in all simulation cases 
and annual mass-flow in the space heating circuit is shown in Figure 2-10 
(right). Mass-flow and temperature values in Figure 2-10 were computed with 
IDA-ICE.  
 

Table 2-3 Basic information about the heat pump 

Heat output 5 kW 
Δtlog.eva. 8 °C 
Δtlog.cond. 8 °C 
tbrine.in 0 °C 
tbrine.out -3 °C 
twater.in 30 °C 
twater.out 35 °C 
COPtest.conditions 4.3 

 

 

Figure 2-10 Duration curves of temperature drop (flow and return) in the radiator heating 
system (left) and the duration curve of annual mass flow in the space heating circuit (right). 

100% = 8760 hours. 

2.4.2 Connection schemes 
Manufacturers recommend a connection scheme depending on the usage profile, 
consumption and working mode. Four most used types of connection schemes 
were analyzed. In the first step, connection No 1 (Figure 2-11) where on-off type 
ground source heat pump with working fluid R407C connected to the heating 
system through the stratification tank was modeled in IDA-ESBO simulations. 
This connection has three circulation pumps (between the ground loop and the 
evaporator; the condenser and the stratification tank and for the space heating 
system). Stratification tank should have  an additional top-up heater because heat 
pumps often have sized to cover approximately 60% of the heating power at the 
design outdoor temperature [59], but in this study the heat pump was sized to 
cover 100% of the building heating need at the design outdoor temperature, 
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which in Tallinn is -22 °C (in simulations an additional top-up heater was 
neglected).  

 

Figure 2-11 Calculation schemes (E- evaporator; C- condenser; ST – stratification tank; SHS 
– space heating system). 

Connection No. 2, 3 and 4 are also popular in domestic solutions. Connection 
No 2 is a direct connection, No 3 has a bypass and No 4 has an additional tank 
increasing the system water volume, which helps on-off operation of the heat 
pump. No 1 was both simulated with the IDA-ESBO plant and calculated 
analytically. Connections 2, 3 and 4 were then analyzed with verified analytical 
formulas. Hourly flow/return temperatures of the heating system were simulated 
with the IDA-ICE simulation model with a detailed radiator heating system and 
the effect of direct calculation from the heating curve was also tested.  
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2.4.3  Basic equations  
The efficiency of the heat pump can be expressed with the COP, which is the 
quotation between the useful heating capacity and the power input Eq. (29). 
The theoretical upper limit for the COP of a heat pump operating 
between the condensation and the evaporation temperature is expressed 
by the Carnot coefficient of performance. The real COP should consider the 
compressor power factor or exergy efficiency Eq. (30). 

21

11

TT

T

W

Q
COPc 


(29) 

where COPc is the Carnot coefficient of performance; 
1Q is a useful heating 

capacity (W), W is a total power (circulation pumps were included) (W); 
1T is a 

condensing temperature (K); 
2T is an evaporating temperature (K). 

 cr COPCOP  (30) 

where COPr is the heat pump coefficient of the performance; η is exergy 
efficiency, which is in a range  of 0.4…0.6 for conventional domestic 
water/water heat pumps [60] 0.3 to 0.4 for air/water heat pumps  and 0.15 to 0.3 
for air/air heat pumps [39]. 
The seasonal performance factor SPF of a heat pump was calculated with Eq. 
(31). 

P
SPF


  (31) 

where  is heating and/or cooling energy produced by a heat pump (kWh/a), 
electrical energy used for producing heating or cooling energy (kWh/a) 
(circulation pumps were included). 

2.4.4 IDA-ESBO simulation 
In ordinary heat pump selection programs, the condensing temperatures are often 
calculated from the condenser outlet temperature (heating system flow 
temperature). The IDA-ESBO heat pump model includes physical models of 
heat exchangers. Water side heat balance is given by Eq. (32) and the heat 
exchanger by Eq. (33). These equations allow us to derive the condensing 
temperature Eq. (34).  

)( 1112/ TTCmQ pcondevap   (32) 

where Qevap/cond is the heat flux from the heat exchanger (condenser or 
evaporator) W; m is mass flow in the space heating circuit kg/s; Cp is the specific 
heat of water (J/kgK); 

11T is the return water temperature from the space heating 

circuit K; 
12T  is the flow water temperature to the space heating circuit K. 
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where U is the condenser heat transfer coefficient W/(m2K); A is the condenser 
area m2; 

1T is the condensing temperature K. 
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Equation (34) is illustrated in Figure 2-12, showing the dependency between the 
heating system return (T11) and the condensing (T1) temperature at the constant 
flow temperature of 50 °C at  constant power (Figure 2-12 (left)) and constant 
mass-flow (Figure 2-12 (right)). 

 
Figure 2-12 Dependency between the return and the condensing temperature at constant 
power of 1000 W(left) and constant mass-flow (right) of 0.012 kg/s at constant flow (T12) 

temperature of 50 °C. 

U·A characterize the heat exchanger, varying in a time step. IDA-ESBO 
calculates it on hourly bases with Eq. (35).  
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Where ∆tlog.cond. is a condenser logarithmic temperature difference, which 
characterizes the heat exchanger, usually given as a constant value from the heat 
pump producer but the IDA-ESBO heat pump model calculates it for every time 
step. IDA-ESBO calculates the condensing temperature compared to Eq. (34) in 
a slightly different format, as shown in Eq. (36). 
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(36) 

2.4.5 Hand calculations with the measured correlation  
In the working process of a real heat pump, condensing temperature is not 
conditionally constant, i.e. heat transfer of the heat exchanger is a dynamic 
process. A correlation was derived for the condensing temperature as a function 
of the flow and the return temperature. For that purpose, laboratory 
measurements were conducted for a domestic on-off type brine to the water heat 
pump with variable condensing at constant flow temperature and the heating 
capacity of the heat pump for four different return temperatures. In addition, 
previous measurements of 28 test results of the IEA Annex [42] were utilized to 
expand the measured data set. 
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3 RESULTS 

3.1 Heating system losses 

3.1.1 Radiator heating system losses 

3.1.1.1 Results	of	one	basic	low	temperature	calculation	case		
To show the level of detail of the simulation and the logic of main results, one of 
the main calculation cases of a detached house Det45-PI (detailed heating 
system with heating curve 45/35 °C with a PI controller) in Estonian climate is 
described below. Calculation time step is determined by the tool, based on an 
hourly output. As simulations in IDA-ICE were made with real calculated room 
temperatures; effects of poor control or internal gains can be easily seen as 
elevated room temperatures. Radiator heat emissions fluctuate considerably 
within a year. While thermostatic valve is closed, heat output is close to 0 W and 
heat outputs close to designed values can be reached for limited periods when 
the valves are fully open; the heat output duration curves for all radiators are 
shown in Figure 3-1. 

Figure 3-1 Duration curve of D-Det45-PI radiator heat emission in all rooms. 
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Figure 3-2 Ratio of heat emissions to different zones. 

Results show that about 20 % of heat emissions to the room are from pipes in a 
low-temperature heating system (Figure 3-2).  
It can be seen in Figure 3-1 that nearly half a year, almost no heating need is 
present, corresponding to the balance point temperature of 11 °C in a detached 
house and 9 °C in an apartment building.  

3.1.1.2 Non‐recoverable	 emission	 and	 distribution	 losses:	 control,	
stratification	and	back‐wall	losses	

Significant heat losses can be caused by the control of the heat emission system. 
While energy need is calculated with ideal control (or with constant room 
temperature according to EN ISO 13790 [11]), the real room temperature will 
vary according to the control type and variations in the gains, (Figure 3-3). We 
studied a P-controller with a proportional band of 2 °C, describing a typical 
radiator thermostat and a PI-controller providing de-facto ideal control. The 
simplest available PI controllers are battery operated thermostatic valves, i.e. 
they can be used as common thermostats.  

 
Figure 3-3 Comparison of indoor air temperature by a P- (right) and a PI- (left) controller in 

one week. 

Because of overheating phenomena of the P-controller (caused by the flow rate 
of 50% at the temperature set point), simulations were made to find out the P-
controller’s set-point temperature that will give thermal comfort equal to that of 
the PI-controller. The set-point of the P-controller affected the boiler output. The 
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results show that the set-point could be dropped with the P-controller to keep the 
same room temperature as with the PI-controller. The set point of 20.5 °C with 
the P-controller ensured an air temperature of at least 21 °C during severe winter 
and in spring conditions, as shown in Figure 3-4. Therefore, realistic control 
losses were decreased from 13% with the set point of 21 °C to 3.3%. Control 
losses are summarized in Table 3-1.  

  
Figure 3-4 Comparison of room mean air temperature by the P-controller (set-point of 20.5 

°C (left)) and the PI-controller (with a set-point of 21 °C (right)). 

Table 3-1 Summary of control losses with the P- and the PI-controller 

Mode Climate 
Simulatio

n case 

P-controller (set 
point 20.5 °C) 

P-controller (set 
point 21 °C) 

PI-controller (set 
point 21 °C) 

Contr
ol 

losses. 
% 

Control 
efficienc

y. ƞ  

Contr
ol 

losses. 
% 

Control 
efficienc

y. ƞ  

Contr
ol 

losses. 
% 

Control 
efficienc

y. ƞ  

A
pa

rt
m

en
t 

bu
il

di
ng

 

Tallinn 
Det-45 3.34 0.97 12.99 0.89 0.00 1.00 
Det-70 3.99 0.96 18.22 0.85 0.00 1.00 

Munich 
Det-45 3.72 0.96 15.44 0.87 0.00 1.00 
Det-70 4.40 0.96 16.10 0.86 0.00 1.00 

D
et

ac
he

d 
ho

us
e Tallinn 

Det-45 2.05 0.98 8.61 0.92 0.00 1.00 
Det-70 2.81 0.97 8.70 0.92 0.00 1.00 

Munich 
Det-45 5.28 0.95 13.43 0.88 0.00 1.00 
Det-70 6.24 0.94 13.43 0.88 0.00 1.00 

 
Other components in emission losses are caused by stratification (vertical 
temperature gradient and additional heat loss through the external wall behind 
the radiator). For the loss due to the vertical temperature profile 15316-2-1:2007, 



40 

a tabulated value gives the efficiency of 0.95 (for the heating curve 55/45 °C). 
However, there is evidence that due to non-uniform temperature, these losses 
may be neglected in mechanically ventilated low energy buildings because of 
mixing caused by the supply airflow, which results in a very small vertical 
temperature gradient. The vertical temperature difference of 0.7 °C in a 2.5 m 
high room was reported in [33]. We used the data reported to calculate the 
average room air temperature when the air temperature at 0.6 m height is 21 °C. 
The data shown in Figure 3-5 [33] resulted in the average room air temperature 
of 21.05 °C that corresponds to the loss of 0.60% (efficiency of 0.994) according 
to our calculations.  

 
Figure 3-5 Temperature gradient data reported in [33], resulting in the average room air 

temperature of 21.05 °C. 

Emission losses due to radiator position were calculated from heat flow density 
differences from the external wall element behind the radiator (radiators located 
in the external walls) and the element describing the rest of the external wall. 
Such calculation was possible, as IDA-ICE generates a special wall element 
behind the radiator with its dimensions. Temperature level (heating curve) had 
lower effect on the emission loss than the radiator size, because the loss was 
slightly smaller with a conventional heating curve because of smaller size of 
radiators. Additional emission heat losses from the back side of the radiator were 
between 0.2 and 0.25% with the heating curves studied, which gives an emission 
efficiency of about 0.998. 
Based on the results of control (in Table 3-1) and stratification efficiencies 
(0.994 and 0.998), total emission efficiency can be calculated by Eqs. (2) and 
(3). Stratification losses add 0.4% to the control losses and the total emission 
losses become 0.4% (efficiency of 0.996) with the PI-controller and in between 
2.6–6.5% (efficiency 0.975-0.939) with the P-controller. 
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3.1.1.3 Circulation	pump	control	and	insulation	of	the	pipes	
Three insulation levels of the distribution and connection pipes were analyzed. 
Cases where only distribution pipes were insulated with an insulation thickness 
of 40 mm are marked with letter (D) as “distribution”. In another case, with 
distribution pipes with an insulation thickness of 40 mm and connection pipes 
with an insulation thickness of 20 mm is marked with (DC).  Cases not insulated 
have no letter in the case code, i.e. Det-45 and Det-70 have no insulation. The 
results were calculated with constant pressure and constant speed circulation 
pump control. To show the effect of insulation, Table 3-2 underlines absolute 
difference relative to fully insulated distribution and connection pipes. This 
absolute difference provides a better indication of the effect of insulation than 
absolute values reported in paper I, because simulations in paper I were 
conducted with  not fully closing thermostatic valves, i.e. valves caused some 
distribution losses during the warm season while there was  no practical heating 
need. In paper IV the results were partly recalculated with fully closed 
thermostatic valves, but the insulation effect was not analyzed further. The 
results show that the losses are somewhat reduced with insulated pipes by the 
heating curve of 70/55 °C. At the heating curve of 45/35 °C, the insulation has 
no practical effect. To test the model, we ran some simulations also with 100 
mm insulation, which provided a better effect, but was still not able to cut 
distribution losses. Periodic operation, i.e. thermostats closed for a long time in 
spring and autumn, reduced the expected effect of insulation.  
 

Table 3-2 Effect of insulation at constant speed and constant pressure pump control on the 
distribution and emission efficiency in Estonian climate. All cases have a PI-controller. 

Mode Simulation case 

Const. pressure pump  Const. speed pump  

Distribution 
and 

emission 
losses, % 

Distribution 
and 

emission 
efficiency, 

ƞ 

Distribution 
and 

emission 
losses, % 

Distribution 
and 

emission 
efficiency ƞ 

A
pa

rt
m

en
t 

bu
ild

in
g 

Det.45 0.84 0.99 1.22 0.99 
Det-45-D 0.64 0.99 0.79 0.99 

Det-45-DC 0.00 1.00 0.00 1.00 
Det70 7.63 0.93 9.50 0.91 

Det70-D 3.53 0.97 4.45 0.96 
Det70-DC 0.00 1.00 0.00 1.00 

D
et

ac
he

d 
ho

us
e Det.45 0.06 1.00 0.22 1.00 

Det-45-D 0.06 1.00 0.00 1.00 
Det-45-DC 0.00 1.00 0.00 1.00 

Det-70 1.01 0.99 0.69 0.99 
Det70-D 0.46 1.00 0.00 1.00 

Det70-DC 0.00 1.00 0.00 1.00 
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With constant speed circulation pump control, the higher losses occur especially 
during warmer months, indicating higher heat emissions from the pipes and 
worse utilization of internal gains, (Table 3-2).  

3.1.2 Radiator and floor heating system losses 

3.1.2.1 Air	temperature	control	
This section compares the tabulated values of the standard with dynamic 
simulation results when air temperature set points were used for thermostats.  
Tabulated temperature variation components according to the prEN 15316-
2:2014 and the total temperature variations for the investigated buildings 
calculated by Eq. (4) are shown in Table 3-3. 

Table 3-3 Temperature variations with the PI-control according to tabulated values of prEN 
15316-2 

Temperature variation 
Radiator 
heating 

45/35 ºC 

Radiator 
heating 

70/55 ºC

Floor 
heating 

wet 
35/28 ºC 

(mid-
floor) 

Floor 
heating 

dry 35/28 
ºC (mid-

floor) 

Floor 
heating 

wet 35/28 
ºC (slab on 

ground) 

∆θint;ini   21.00 21.00 21.00 21.00 21.00 
∆θstr  0.25 0.25 0.00 0.00 0.00 
∆θctr  0.70 0.70 0.70 0.70 0.70 
∆θemb 0.00 0.00 0.40 0.25 0.40
∆θrad  0.00 0.00 0.00 0.00 0.00 
∆θim   0.00 0.00 0.00 0.00 0.00 
∆θhydr  0.00 0.00 0.00 0.00 0.00 
∆θroomaut   -0.50 -0.50 -0.50 -0.50 -0.50 
Total: 21.45 21.45 21.60 21.45 21.60

Results in Table 3-3 shows that there was no difference between the apartment 
building and the detached house, and the temperature variations for floor heating 
were the same for mid-floor and slab on ground. The standard does not 
distinguish climatic location and the same tabulated values should be used in all 
climates. 
Temperature variations caused by emission losses are complicated to simulate 
because of fixed set points. Therefore, emission losses in kWhs were simulated 
and temperature variations were recalculated from the results simulated with 
different air temperature set points. This allowed deriving correlations between 
losses and temperature variations, which depend on the building type and 
location. These correlation equations describe linear dependence between the 
emission loss value and the set-point temperature (i.e. the losses were computed 
at different set-point temperatures with 0.1 °C step, 21.1, 21.2…22 etc.). Two 
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buildings in two climates resulted in four formulas: for a detached building in 
Tallinn Ɵ=0.0846η+0.012, Munich Ɵ=0.0616η+0.023 and for an apartment 
building in Tallinn Ɵ=0.0564η+0.012 and Munich Ɵ=0.0436η+0.023 (where Ɵ 
is temperature variation K and η is heating system emission loss %) (Figure 3-6 
and Figure 3-7). 

   

Figure 3-6 Derived formula for calculating temperature variation from emission losses in a 
detached house in Tallinn (left) and Munich (right). 

   

Figure 3-7 Derived formula for calculating temperature variation from emission losses in an 
apartment building in Tallinn (left) and Munich (right). 

Radiator heating system emission and distribution losses were comprehensively 
studied in paper I, therefore based on these results, only the main cases were 
used in this study. Simulated results for floor and radiator heating systems are 
shown in Table 3-4 and Figure 3-8. 
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Table 3-4 Simulated temperature variations (indoor air set-point temperature 21 ºC). 

  Heating system  
PI control, 

K 

P (radiator) / 
on-off 
(UFH) 

control, K  

Always on – 
no control, 
K (heating 

curve) 

D
et

ac
he

d 
ho

us
e 

Tallinn 

45° C/35 °C 0.11 0.29 

70 °C/55 °C 0.11 0.35 

UFH – 35 °C/28 °C wet 
c. (mid-floor) 

0.57 1.18 
0.64 (30 

°C/23 °C) 
UFH – 35 °C/28 °C wet 

c.(slab on ground) 
0.78 1.67 

1.25 (30 
°C/23 °C) 

Munich 

45 °C/35 °C 0.12 0.45 

70 °C/55 °C 0.12 0.51 

UFH – 35 °C/28 °C wet 
c. (mid-floor) 

0.67 1.22 
0.95 (30 

°C/23 °C) 
UFH – 35 °C/28 °C wet 

c.(slab on ground) 
0.84 1.69 

1.50 (30 
°C/23 °C) 

A
pa

rt
m

en
t b

ui
ld

in
g 

Tallinn 

45 °C/35 °C 0.09 0.28 

70 °C/55 °C 0.09 0.31 

UFH – 35 °C/28 °C wet 
c. (mid-floor) 

0.16 0.86 
0.96 (28 

°C/22 °C) 

Munich 

45 °C/35 °C 0.06 0.22 

70 °C/55 °C 0.11 0.30 

UFH – 35 °C/28 °C wet 
c. (mid-floor) 

0.20 0.97 
1.40 (28 

°C/22 °C) 
 
Table 3-4 compares the PI-control as an advanced control of a heating system 
and the P-control for radiator heating and on-off for floor heating as 
conventional systems. In addition, there are always-on results with no control to 
show the effect of self-control of floor heating without any controller; as there is 
always flow during the heating season, the heating curve dropped to avoid 
overheating. Results show that self-control can be even more effective than the 
P-control in a detached house. In an apartment building, due to a higher share of 
internal gains, it was impossible to set a correct heating curve that would allow 
keeping the desired indoor temperature, and the losses were higher. Compared to 
the PI, temperature variations with conventional control were substantially 
higher, especially for floor heating. Thus, it is essential to use advanced control 
systems to decrease energy use. 
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Figure 3-8 Comparison of air temperature calculated with prEN 15316-2 and simulation 

with the PI-control (MF – mid-floor; SG – slab on ground). 

Figure 3-8 shows that the difference in energy consumption between the 
standard calculation and the simulation was up to 8%. For radiator heating, the 
standard recommends to use slightly higher emission losses than simulated.  The 
overestimation is reasonable, 0.3-0.4 K in equivalent temperature, which is on 
the safe side. In contrast, in the detached house, the standard tabulated values 
were too low for the floor heating system and the losses were underestimated, 
which suggests splitting the tabulated values in the standard according to the 
thermal mass (lightweight vs. heavyweight) of the building.   
Losses in floor heating systems depend also on the floor construction. Table 3-5 
shows the results by the building mass and construction type. 

Table 3-5 Variations in floor heating system temperature by emission losses 

  Tallinn Munich 
Floor 
type 

Construction 
method 

Wall mass 
Detached 

house 
Apartment 
building 

Detached 
house 

Apartment 
building 

S
la

b 
on

 
gr

ou
nd

 Wet 
Lightweight 0.78   0.84   
Heavyweight 0.72       

Dry 
Lightweight 0.88 0.96 
Heavyweight  0.73       

M
id

-f
lo

or
 

Wet 

Lightweight 0.57   0.67   
Heavyweight 

(65 mm 
concrete) 

0.43 0.16 
 

0.2 

Wet(100mm)
Heavyweight 

(100 mm 
concrete) 

  0.12   0.14 

Dry 
Lightweight 0.48 0.6 
Heavyweight  0.3 0.2   0.19  

 
Table 3-5 shows that beside climate, also the floor type and building overall 
thermal mass affect emission losses. The results are in line with Zhou [61] who 
has indicated that using different thermal mass in the floor construction has a 
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substantial effect on indoor climate quality and energy efficiency and that larger 
thermal mass ensures less temperature variations. 

3.1.2.2 Operative	temperature	control	and	thermal	comfort	analysis	
A single zone test room was used to analyze the effect of different heat emission 
systems on operative temperature. First, calculations were made for one external 
wall and the number of external elements was increased up to five, following the 
external element numbering shown in Figure 3. Two different occupant locations 
were studied – in the centre of the room like in standard EN 422 [22] and 0.6 m 
from the wall with the window and the radiator. The latter represents the 
borderline of the occupied zone, and in some cases this location can be more 
critical than the centre and therefore it needs to be checked to fulfil the operative 
temperature requirement within the whole occupied zone. Figure 3-9 and 3.10 
summarize the results at -22 °C outdoor temperatures for a low-energy building 
and a less insulated BAU building.   

   

Figure 3-9 Additional heating energy at -22 ºC outdoor temperature relative to the case with 
the lowest energy with insulation level corresponding to a low-energy building. 

   
Figure 3-10 Additional heating energy at -22 ºC outdoor temperature relative to the case 

with the lowest energy with insulation level corresponding to a less insulated (BAU building. 

While an occupant was in the middle of room, the emission losses were not so 
sensitive for an external construction type and the number of external walls. Best 
results were achieved with floor heating (heat losses of the floor were neglected 
because of adiabatic floor boundary condition). Moving the occupant close to 
the radiator and external wall changed the results remarkably and emission 
losses were more sensitive to the number of external elements – in the case of 3-
5 external elements, the low-temperature radiator heating system secured the 
lowest emission losses.        
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Previous simulations were made on a steady state situation at constant outdoor 
temperature (-22 ºC). To analyze heating system dynamics, the annual 
simulations with the PI-control were conducted, which provided smaller 
differences but stronger effect of the occupant position, as shown in Figure 3-11. 

 
Figure 3-11 Additional annual heating energy in Tallinn relative to the case with the lowest 

energy with insulation level corresponding to a low-energy building. 

According to annual energy calculations while the occupant was in the middle of 
the room, losses were the smallest still with floor heating, but when the occupant 
was close to the radiator, the lowest losses were reached with a low-temperature 
radiator heating system, independent of the number of external elements.  
Components of operative temperature calculation, mean air temperature and 
mean radiant temperature were observed for the steady state case in Figure 3-12, 
showing that the mean air temperature was rising almost linearly while the 
occupant location was the centre of the room. 
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Figure 3-12 Calculated mean air and radiant temperature at -22 ºC outdoor temperature 
with the insulation level corresponding to a low-energy building. 

To determine the correction of operative temperature which will ensure proper 
indoor temperature in the whole occupied zone, both occupant locations were 
considered. Operative temperature at 0.6 m from the external wall was 
calculated for the case which had 21 °C operative temperature with the occupant 
located in the centre of the room and at the centre of the room for the case of 21 
°C operative temperature with the occupant 0.6 m from the external wall (Figure 
3-13). 

   

Figure 3-13 Comparison of operative temperatures according to  different occupant 
locations at -22 °C outdoor temperature with the insulation level corresponding to a low-

energy building. 
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Figure 3-13 shows that while keeping the operative temperature +21 ºC in the 
centre of the room, the operative temperature close to the radiator is up to 1.4 ºC 
higher, but in the case of floor heating, the operative temperature is almost on 
the same level through the occupied zone, however it decreases very slightly 0.6 
m from the external wall. These results show that the critical occupant location 
for the radiator heating is the centre of the room, but 0.6 m from the external 
wall for the floor heating. 

3.1.2.3 Heating	 system	 emission	 losses	with	 operative	 temperature	
control	

The temperature variations were simulated with the PI-control for the cases 
described in the Methods section with the operative temperature control (Figure 
3-14). As described in section 3.2.2, for the floor heating system, the critical 
occupant’s location of 0.6 m from the external wall was used in addition to the 
default locations in the centre of the room. 

 
Figure 3-14 Air temperature and emission losses with operative temperature set point of 21 

and PI-control C (UFH – underfloor heating, MF – mid-floor; SG – slab on ground) in 
Tallinn. 

In addition to the effect of the operative temperature, these results include all 
other emission losses, as described in the Methods sections. The operative 
temperature control has increased temperature variations in the case of radiator 
heating, but in the case of floor heating, changes are in both directions, 
indicating multiple effects of occupant position and external walls in real 
buildings. The results of 45/35 ºC radiator heating and floor heating (0.6 m 
occupant location) are illustrated with monthly balance of heating energy need in 
the apartment and detached building in Tallinn, as shown in Figure 3-15, Figure 
3-16 . For the ideal heater without any losses, 40% radiation share was used.  
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Figure 3-15 Comparison of heating energy need in the case of low temperature radiator and 

floor heating systems with the PI-control in the apartment building in Tallinn. 

Figure 3-15 shows that the difference in the annual heating energy need between 
the floor and the radiator heating is 2.9% (annual energy need for radiator 
heating was 3855 kWh and for floor heating 3746 kWh, respectively) in the 
apartment building with heavy-weight structures.  
Floor heating resulted in higher energy need in late spring and late autumn that 
is explained by slower response time on internal and solar gains.  

  
Figure 3-16 The same results as in Figure 3-15 for the detached house. 

In the detached house with light-weight structures, the situation was vice versa 
and the low temperature radiator heating showed 3.3 % lower heating energy 
need than floor heating (annual heating energy need was 7890 kWh for radiator 
heating and 8155 kWh for floor heating ). 
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3.2 Comparison of radiators 

3.2.1 Laboratory measurements at 50 oC flow temperature 
Two flow temperatures were used, 50 oC and 70 oC. Both measurement cycles 
were repeated (Test 1, Test 2) in order to control the repeatability. The 
thermostat with the set point as close as possible to 20 °C in all tests changed the 
water flow rate with respective changes in the return water temperature 
according to the heating need. The same thermostat was used in the 
measurements for both radiators tested. All tests were started with heating up 
step change, which was about 2-3 °C in the room air temperature; initial room 
temperature (no water flow in the radiator) was about 18 °C. At the start, the 
water flow was rapidly raised from zero to the nominal value of 109 kg/h, which 
was used in all measurements. 
After the step change, the flow temperature of 50 oC led to stable operation, 
where the heat output from the water flow decreased from about 900 W to 800 
W levels, corresponding to a situation where internal heat gains are close to 15% 
of the nominal heat output, Figure 3-17. Water mass flow stabilized to 
significantly lower level in parallel radiators. Flow and return temperatures in 
Figure 3-18 show that a parallel radiator is operated at significantly lower return 
temperature on this temperature level. It was estimated that 3 % higher heat 
output of a parallel radiator at ΔT 50 °C increased to about 10% higher heat 
output at ΔT 25 °C. 

Figure 3-17 Test 1 with 50 oC flow temperature: water mass flows and heat outputs from 
water side. 
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Figure 3-18 Flow and return temperatures at 50 oC in Test 1. 

Average front and rear panel’s surface temperatures (calculated as an average of 
5 measurement points) show higher front panel and lower rear panel temperature 
in the case of a serial radiator, Figure 3-19. Results of room air and room cooled 
surface temperature showed that it was impossible to keep exactly the same 
temperatures in both tests (Figure 3-20). Initial temperature (t= -10 min in 
Figure 3-19) was lower in the case of a parallel radiator, and the cooled surface 
temperature remained lower during the whole test, resulting also in a lower air 
temperature. 

 
Figure 3-19 Front and rear panel surface temperatures at 50 oC in Test 1. 
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Figure 3-20 Room air and cooled surface temperatures at 50 oC in Test 1. 

Room temperatures were analyzed for a stabilized period of 130 to 320 minutes 
for Test 1. For this period, an average air temperature, cooled surface 
temperature, the mean radiant temperature and operative temperature were 
calculated, Table 3-6. The operative temperature was calculated as an average of 
the air and the mean radiant temperature and was also estimated from the globe 
temperature, as described in section 2.3.3. Results show that cooled surface 
temperature in the case of parallel radiator was 0.1 ºC lower and 0.2 oC lower at 
air and operative temperatures. Operative temperatures estimated from the globe 
temperature were about 0.2 oC higher, but the differences between the cases 
were the same.  
 

Table 3-6 Room temperatures in 50 and 70 oC tests, all values are in oC. Operative 
temperatures at 0.6 m height were by 0.02-0.03 oC lower than at 0.75 m height 

  Air,  
Ta 

Cooled 
surfaces, 

Ts 

Front 
panel

Tr 

Mean 
radiant, 
Trad,mean 

Operative
, Top 0.75 

m 

Operative 
from globe 

Top,globe 

Parallel 50 oC Test 1 19.98 18.38 39.7 18.79 19.39 19.62 
Serial 50 oC Test 1 20.19 18.48 44.0 18.97 19.58 19.82 
Parallel 50 oC Test 2 19.88 18.39 38.5 18.78 19.33 19.55 
Serial 50 oC Test 2 20.07 18.47 43.1 18.95 19.51 19.74 
Parallel 70 oC Test 1 19.69 17.88 40.3 18.31 19.00 19.26 
Serial 70 oC Test 1 19.81 17.98 45.6 18.51 19.16 19.43 
 
Because the temperatures were not exactly the same, the cooled room surface 
temperature was adjusted as described in section 2.3. The adjustment was done 
in two directions. In the case of a parallel radiator 50 oC Test 1, Ts was changed 
so that Top changed from 19.39 to 19.58 oC. Adjusted parallel was then compared 
with serial having the same operative temperature of 19.58 oC,Table 3-7. To test 
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the accuracy of the analytical model, serial 50 oC Test 1 was adjusted in another 
direction, resulting in operative temperature change from 19.58 to 19.39. 
Adjusted serial was then compared with parallel having the same operative 
temperature. The adjustment results in Table 3-7 show the air temperature 
change of 0.18 oC and cooled surface temperature change of 0.20 oC in both 
cases. Measured heat output 824.9 W of parallel changed to 815.1 W and 
correspondingly measured heat output 798.7 W of serial changed to 807.3 W. 
After the adjustment, at equal operative temperatures, the heat output of the 
serial radiator was by 2.0 and 2.1 % smaller in these two cases. This 2.0 – 2.1 % 
is equal to heat emission reduction of a serial radiator. Analytically calculated 
net radiation from the front panel of radiators was 120 W and 148 W for parallel 
and serial, corresponding to 15 % and 18 % radiation share, respectively. The 
same procedure was used for 50 oC Test 2. This resulted in the negative 
reduction of -4.2 – -4.5%, i.e. the parallel radiator used less energy. Without 
adjustments to the same operative temperature, the saving of the serial radiator 
was about 3 % and -3 % in 50 oC Test 1 and Test 2, respectively, showing the 
effect of adjustments by about 1%. 
 

Table 3-7 Analytically calculated adjusted values of temperatures and heat outputs of 
radiators 

 Test 1 Test 1 Test 2 Test 2 
Top 19.39 
→ 19.58 

Top 19.58 → 
19.39

Top 19.33 
→ 19.51

Top 19.51 
→ 19.33 

Air, Ta, adjusted, oC 20.16 20.00 20.05 19.90 
Cooled surf., Ts, adjusted, oC 18.58 18.28 18.58 18.29 
Parallel 50 oC, heat 815.1 824.9 713.1 722.4 
Serial 50 oC, heat output, 798.7 807.3 745.0 752.7 
Saving of Serial, % 2.01 2.14 -4.48 -4.20 

 
The difference between the results from Test 1 and 2 was higher than the 
declared accuracy of the EN 442-2 test room of +/- 1%. The measurement result 
showed very small but continuous swings in water flow rates and temperatures, 
which can explain the differences between Test 1 and 2, indicating that during 
the tests, the steady state conditions were not completely achieved because of the 
use of a proportional thermostat with limited control accuracy.  

3.2.2 Laboratory measurements of dynamic performance at 70 oC 
flow temperature 

The tests at 70 oC flow temperature corresponded to oversizing of radiators by 
about factor 2 (roughly 1600 W vs. 800 W). Initial room temperatures were 
reasonably close in tests with both radiators, which enabled an exact comparison 
of dynamic response during the heating up step change of about 3 oC. In the case 
of a parallel radiator, initial room air and surface temperatures were about 0.1 oC 
lower, but the parallel radiator reached the same temperature as a serial radiator 
in 9 minutes. After that the air temperature curves are almost identical with 
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slightly higher maximum value for the parallel in 43 minutes, Figure 3-21. After 
the heating up phase, the thermostat valve was not able to keep stable 
temperature in both cases because of oversized radiators. 

 
Figure 3-21 Dynamic step response of the room air temperature at 70 ºC in Test 1. 

Water mass flow and heat output of radiators are shown in Figure 3-22. Similar 
to 50 oC test, the parallel radiator showed slightly higher peak power. Return 
temperature results in Figure 3-23 show lower performance of the parallel 
radiator as compared to the 50 oC test where the return temperature of the 
parallel radiator was significantly lower. Panel surface temperatures showed 
similar performance as in the 50 oC test, Figure 3-24. 

 
Figure 3-22 Water mass flows and heat outputs from water side at 70 oC in Test 1. 
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Figure 3-23 Flow and return temperatures at 70 ºC in Test 1. 

Figure 3-24 Front and rear panel surface temperatures at 70 ºC in Test 1. 

3.2.3 Simulation results 
In the simulation of a residential room described in section 2.3.4, a PI-controller 
was used which kept the operative temperature set point of 19.5 oC with high 
accuracy. In the case of the EN 442-2 test room, U-values were selected so that 
heat losses were about 800 W at the outdoor temperature of -22 oC. The IDA-
ICE radiator model provided identical front panel surface temperature for the 
parallel radiator when the return temperature was about 6 oC higher than that in 
the measurements. To achieve the measured front panel surface temperature of 
the serial radiator, the flow temperature was increased to 57.6 oC. With these 
settings, the front panel surface temperatures were the same as in the 
measurements for both radiators and the simulation resulted in the air 
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temperatures of 20.69 oC and 20.58 oC for parallel and serial cases, respectively 
and nearly the same heat emission of radiators, Table 3-8.  

Table 3-8 Simulation results of the EN 442-2 test room described in section 2.3. All values at 
-22 °C outdoor temperature 

Parallel Serial 
50.0 57.6 
39.8 43.4 
39.8 44.1 
39.8 44.1 
20.7 20.6 
178.7 227.1 
624.7 576.2 
0.0 0.0 

Flow temperature,  °C 
Return temperature,  °C 
Front panel surface temperature,  °C 
Rear panel surface temperature,  °C 
Air temperature,  °C 
Front panel qfront, W 
Convection qcr, W 
Back side qb, W 
Water massflow, kg/h 67.7 48.6 
Total heat output qtot, W 803.4 803.3 

In the case of a residential room, the input data used resulted in slightly smaller 
heat losses, i.e., about 630 W compared to 800 W of the laboratory tests. At the 
outdoor temperature of -22 oC, the model provided identical front panel surface 
temperature for the parallel radiator roughly at the same flow temperature of 53 
oC (vs. 50.5 °C in the measurements). To achieve the measured front panel 
surface temperature of the serial radiator, the flow temperature was increased to 
58.7 oC. With these settings, the rear panel surface temperatures were not 
correct, as can be seen from Table 3-9. To achieve measured rear panel 
temperatures, other simulations were run with corrected flow temperatures and 
the back side heat transmission from these simulations were used to correct the 
total heat emission of the radiator (having an effect of 0.2–0.8 W, as can be seen 
from Table 3-9).  
Table 3-9 Simulation results of a residential room described in section 2.3. All values are at -

22 °C outdoor temperature, except the annual energy use 

Parallel Serial
Flow temperature,  °C 53.0 58.7
Return temperature,  °C 38.3 43.1
Front panel surface temperature,  °C 39.9 44.1
Rear panel surface temperature,  °C 39.9 44.1
Air temperature,  °C 19.6 19.5
Flow temperature for back wall correction,  57.7 53
Rear panel surfaces temperature at corrected 41.4 38.4
Front panel qfront, W 179.2 227.7

446.8 396.8
8.6 9.2
8.8 8.4
634.6 633.7
634.8 632.9

Convection qcr, W
Back side qb, W
Corrected back side qb, corrected, W 
Total heat output qtot, W 
Corrected total heat output qtot, W 
Water massflow, kg/h 0…36.0 0…32.4 
Annual heating energy use, kWh/(m2 a) 64.9 64.5
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Simulated heat outputs show the difference of 1.9 W corresponding to the saving 
of 0.3 % by a serial radiator. In annual energy simulation, a serial radiator 
provided heating energy saving of 0.7 % and slightly higher front panel surface 
temperature, as shown in Figure 3-25. The maximum room air temperature 
difference appeared at -22 °C outdoor temperature, 19.61 and 19.48 °C in the 
case of a parallel and a serial radiator, respectively.  

Figure 3-25 Duration curve of the radiator front panel surface temperatures (100% = 8760 
h). 

The difference between the results from the simulated EN 442-2 test room and 
the residential room (no saving vs. 0.3% saving of Serial) shows the effect of 
cold surfaces in the room. In the EN 442-2 test room, the radiator faces five cold 
surfaces, and the higher surface temperature of the serial radiator increased the 
radiant temperature (the air temperature was lower in the simulation at the fixed 
operative temperature set point), but this provided no energy saving because of 
more intensive radiation heat exchange. In the case of the residential room, the 
radiator on the external wall faces mainly internal walls and floors and the effect 
of higher radiator front panel and radiant temperatures resulted in a quantifiable 
energy saving of 0.3 %. These results indicate that in the EN 442-2 test room 
with cooled surfaces radiator type is neutral, i.e. radiators with higher convection 
or radiation share will provide similar heat emission at the fixed operative 
temperature. 

3.3 Heat pump 
Results are presented in two subsections. The first part contains the description 
of the model and its features, such as comparison of part-load effect and 
stratification tank. Besides that, this section includes the seasonal coefficient of 
performance value calculations with the IDA-ESBO dynamic simulation and 
SPF calculation with simplified formulas (Eqs. 31-38) for connection scheme No 
1.
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The second part covers the derivation of the equation of variable condensing 
temperature correlation from the laboratory test measurement and SPF 
calculation for different connection schemes (Figure 2-11).  

3.3.1 IDA-ESBO heat pump simulation 
The aim of this section is to give an overview of the IDA-ESBO simulation 
model and its results via connection No 1. A similar approach was used by 
Salvalai who made parameter estimation of the heat pump model in the IDA ICE 
environment, but his model based on producers’ performance maps is a 
simplified version,different from the IDA-ESBO current model with more 
detailed properties [62]. 
 
Stratification tank 
IDA-ICE heat pump model was run via a stratification tank (in our case, tank 
volume was 0.5 m3, which is sufficient for a low-energy detached house). The 
tank model includes the tank with its dimensions and volume. The tank has heat 
losses and the model has a possibility to set the number of layers and a fill ratio. 
By default, the fill ratio is 0.2 (i.e. 20% of all water is heated to the highest set-
point). The simulated tank stratification with eight layer temperatures is shown 
in Figure 3-26. 

 
Figure 3-26 Duration curve of stratification tank layer temperatures. 100% = 8760 hours. 

Layer 8 is the temperature on the top of the tank and shows the flow temperature 
to the heating system. The tank is connected only with a space heating system, 
i.e. domestic hot water heating is neglected in this study. 
 
Part load effect for heat pump performance 
IDA-ESBO library has an on-off type heat pump. However, it may be operated 
as a capacity controlled heat pump. According to previous studies, a variable 
speed heat pump can improve the energy performance in the range of 10-25% 
[16] due to lower condensing temperatures and fewer on/off cycles with 
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variable-speed pump compared to intermittent control. On the whole, part-load 
helps to increase the life expectance of a heat pump and the ability to extend the 
operating range of the compressor provides an opportunity to reduce the need for 
supplementary heat in Nordic climates, where supplementary heat is necessary. 
IDA-ESBO simulation results showed that variable speed control helped to 
achieve 13% higher SPF than simple on-off control (SPF with on-off control 
was 3.07 and with variable speed 3.48, respectively). In the part-load working 
mode, condenser mass flow is lower than in the on-off working mode (Figure 
3-27).  
 

 
Figure 3-27 Duration curve of compressor power (left) and condenser mass flow (right) in 

the on-off and the part-load working mode. 100% = 8760 hours. 

Constant refrigerant temperature heat exchanger – calculation with simplified 
formulas 
To use Eqs. (29) and (30), the annual performance of the heat pump was first 
calculated with the IDA-ESBO simulation. Hourly exergy efficiency values 
calculated with the IDA-ICE simulation results and Eq. (30) were in the range of 
0.50…0.63 with an average efficiency value of 0.57. Figure 3-28 shows the 
corresponding hourly COP values of IDA-ESBO simulation; Carnot ideal 
process with Eq. (29) (evaporating and condensing temperature from IDA-ICE 
results) and  heat pump efficiency of 0.57 hand calculated with Eq. (32). 
 

 
Figure 3-28 Hourly COP values (left) and the duration curve (right) calculated with 

simulated evaporating and condensing temperatures. 100% = 8760 hours. 

Results in Figure 3-28 show that hand calculation with constant heat pump 
efficiency value of 0.57 gave accurate results on an annual basis. In the next 
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step, the condensing temperature was calculated with Eq. (36) from the 
flow/return temperatures, and the result was compared to the IDA-ESBO 
condensing temperature in Figure 3-29.  

  
Figure 3-29 Hourly condensing temperature (left) and the duration curve (right) calculated 

by Eq. (36) compared to the IDA-ESBO results. 100% = 8760 hours. 

Hand-calculated and IDA-ESBO results were very close. IDA-ESBO simulation 
provided an average condensing temperature of 39.8 °C and hand calculation - 
40.7 °C. This slight difference was caused by the logarithmic temperature 
difference, which IDA calculates dynamically for every hour, but in hand 
calculations, constant Δtlog.cond= 8 °C from Table 2-3 was used. 
From calculated hourly condensing temperatures, hourly COP values were 
calculated with an average constant evaporating temperature of -8 °C. 
Calculating the COP with the exact evaporating temperature values (from IDA-
ESBO results) gave the annual SPF 0.3% lower than the simplified hand 
calculation with constant evaporating temperature (3.38 vs. 3.39, respectively). 
In the further calculations constant evaporating temperature -8 °C was assumed. 
Figure 3-30 describes the difference of IDA-ESBO simulated hourly COP values 
from the hand calculated COP, showing an annual average value of 3.80 vs. 
3.69, respectively. Such a slight difference (~2.8%) in the COP values resulted 
in the seasonal coefficient of performance at 3.48 in the IDA-ESBO simulation 
and 3.39 in the hand calculation (the difference ~2.6%). This shows that the 
hand-made calculation with several constant values with Eq. (31) is reasonably 
accurate and gives almost the same values as the IDA-ESBO simulation (for 
hand calculation, it was necessary to use the return temperature of the simulated 
hourly heating system for calculating the condensing temperature).  
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Figure 3-30 Comparison of IDA-ESBO COP values with hand calculation (left- hourly values 
and right - the duration curve of COP values). 100% = 8760 hours. 

3.3.2 Calculation based on laboratory measurements 

Condensing temperature correlation  
Laboratory measurement data were used to describe the measured condensing 
temperature as a function of the flow/return temperatures of the heating system 
with a simple correlation equation. Results of the laboratory measurements for a 
wide range of return temperatures are shown in Table 3-10. Because we had a 
limited number of measurements, in addition, IEA Annex 28 [42] measurement 
results were used (Table 3-11). 

Table 3-10 Laboratory measurement results (T2 – evaporating temperature °C) of the heat 
pump performance 

T1 T2 
EER
Carnot

EERlab 

.measure
Ƞ T11 T12 

Avg. 
kW 

Volume 
flow l/s 

U·A
radiator

Case 1 45.06 - 5.11 2.31 0.45 29.64 49.62 8.09 0.36 0.45 
Case 2 46.98 - 4.96 2.15 0.43 35.38 50.05 7.94 0.48 0.36 
Case 3 48.67 - 4.82 1.97 0.41 40.15 49.98 7.79 0.7 0.31 
Case 4 50.88 - 4.61 1.81 0.39 44.99 50.01 7.56 1.33 0.28 

Test results show that the lower return temperature decreased the condensing 
temperature, resulting in higher COPcarnot (Table 3-10). According to these 
measurements, decrease of condensing temperature by 12.9% increased the COP 
by about 9%. These changes in the return temperature resulted in the pressure-
enthalpy diagrams of the thermodynamic process shown in Figure 3-31.  
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Figure 3-31 Thermodynamic process of four test cases described in Table 3-10. 

Table 3-11 Measurement results from IEA Annex 28 [5] used in this study 
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1 50.00 42.00 -5.00 -7.20 2.55 2.15 7.24 3.35 2.83 0.79 2.09 

2 35.00 29.30 0.00 -3.60 2.50 2.20 10.1
4 

4.56 4.06 1.55 2.09 

3 45.00 40.00 -0.10 -3.00 2.73 2.44 9.00 3.66 3.30 1.55 2.09 

4 55.00 50.60 0.00 -2.40 2.92 2.62 7.92 2.98 2.71 1.55 2.09 

5 35.00 23.50 0.00 -3.80 2.38 2.14 10.5
2 

4.42 4.89 0.79 2.09 

6 35.10 30.10 -0.10 -2.90 2.53 2.23 10.2
6 

4.05 4.57 1.77 2.57 

7 55.00 51.10 0.00 -1.90 2.94 2.62 7.96 2.71 3.00 1.77 2.57 

8 45.00 40.50 0.00 -2.40 2.76 2.46 9.16 3.31 3.69 1.77 2.57 

9 50.00 40.10 0.00 -2.90 2.75 2.34 8.94 3.25 3.81 0.79 2.09 

10 50.00 38.20 5.00 1.40 2.91 2.51 10.7
6 

4.28 3.70 0.79 2.09 

 
To test   the condensing temperature against the measured data, the measured 
condensing temperatures were compared to those calculated by Eq. (36) at 
different Δtlog values (Table 3-12). 
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Table 3-12 Condensing temperature calculation 

  
T1 
measured 

T1 calc. 
Δtlog.=1 

T1 calc. 
Δtlog.=3 

T1 calc. 
Δtlog.=5 

T1 calc. 
Δtlog.=8 

Case 1 50.88 50.04 51.17 52.91 55.76 
Case 2 48.67 49.98 50.37 51.58 54.05 
Case 3 46.98 50.05 50.16 50.87 52.84 
Case 4 45.06 49.62 49.65 49.99 51.41 

Table 3-12 shows that Eq. (36) provides an estimation and it does not enable 
considering the effect of return water temperature similarly to laboratory 
measurements.  
Therefore, the correlation between the condensing and the flow/return 
temperature was derived from the measured data. Weightings of flow and return 
temperatures (x and 1-x) were used, which provided the best correlation (higher 
R2 value) with a formula of xT11+(1-x)T12=T1. Best compliance of the 
condensing temperature as a function of the flow and return temperature was 
found for both measurements. For the IEA Annex data, this resulted in the 
equation: T1=0.62T12+0.34T11+4.5 with slightly higher R2 value than in our 
measurement results T1=0.67T12+0.36T11+1.05, as shown in Figure 3-32.  
 

 
Figure 3-32 Equations of condensing temperature correlation giving higher weighting for 

flow temperature. 

Data in Figure 3-32 had seven test points with a flow temperature of 50 °C, 
which allowed showing the dependency between the condensing temperatures 
and the return temperatures (Figure 3-33).  
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Figure 3-33 Dependency of the condensing temperature on the return temperature at 50 °C 

flow temperature. 

Figure 3-33 shows that the correlation is an approximation that does not take 
into account all physical phenomena, however, the correlation is still reasonably 
high. 
Derived correlations of the condensing temperature (Figure 3-32) were used to 
calculate the COP values. For that purpose, return temperatures of the simulated 
hourly heating system and the constant evaporating temperature of -8 °C were 
used (Figure 3-34).  
 

 
Figure 3-34 Comparison of hourly COP (left) and the duration curve (right) of hand 
calculation with the condenser model (1) and derived correlation (2 – by laboratory 

measurements; 3 – by IEA Annex 28 measurements). 

Hourly COP values in Figure 3-34 resulted in the following SPF values (31): 
by the condenser model - 3.39; by laboratory measurements - 3.72 and by IEA 
Annex 28  measurements - 3.67.  
These results show that laboratory measurements gave approximately 8-9% 
higher SPF value than the condenser model used in the IDA-ESBO simulation.  
 
The effect of reduced flow rates by thermostats  
Hourly simulation with the condenser model (Eq. (34)) and derived correlations 
(Figure 3-32) were used to test the effect of reduced flow rates by thermostats. 
So far, simulated return temperature was used in the calculations. At fixed flow 
rates (correspond to situation with exact sizing and no internal and solar gains), 
return temperature can be directly calculated from the flow temperature with the 
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assumption that heating need has linear dependency on delta T of the indoor and 
outdoor temperature (Figure 3-35). As input data, this calculation needs only 
simulated heating needs, i.e. no simulation of the radiator heating system is 
needed.  SPF with constant water mass flow was calculated for 45/35 ºC heating 
curve that was used in previous sections. The calculation was conducted for 
connection scheme No 2, where the flow temperature follows exactly the heating 
curve (without stratification tank effects present in connection scheme 1).  

Figure 3-35 Flow and return temperature calculations at the outdoor temperature. 100% = 
8760 hours. 

 
Condensing temperatures were calculated by Eq. (36) and with the correlation 
of laboratory measurements (Figure 3-32). The use of hand calculated fixed 
flow return temperature (calculated with Eq. (36)) resulted  in ~2 °C difference 
in the condensing temperature (Figure 3-36), and  decreased annual SPF by 
~4.5 % (SPF of 4.0 with fixed flow return temperature vs. real SPF 4.19).  

Figure 3-36 Condensing temperature calculated by the fixed return flow rate. 100% = 8760 
hours. 

Impact of the connection scheme on the seasonal performance factor 
Four different connection schemes, which were described in section 2.2, were 
simulated and SPF values were computed (Table 3-13). SPF values were 
calculated by Eq. (31), where the compressor and the circulation pump power 
were computed through an hourly COP and space heating need. COPs were 
computed by Eq. (29) where condensing temperature correlation 
T1=0.67T12+0.36T11+1.05 was used and with the condenser model  by Eq. (36). 
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Table 3-13 SPF values simulated with different connection schemes 

Connection type Laboratory Condenser 
1 separated connection with stratification 3.72 3.39 
2 without bypass 4.19 3.76 
3 bypass (0.1 kg/s) 3.99 3.61 
3 bypass (0.05 kg/s) 4.03 3.64 
3 bypass (0.02 kg/s) 4.09 3.69 
3 bypass (0.005 kg/s) 4.16 3.74 
4 with volume tank and bypass (0.02 4.10 3.69 

 
Figure 3-35 shows that the highest SPF is achieved with direct connection 
without bypass. The bypass reduces the SPF value, and the volume tank 
provides in principle a small increase without practical meaning, however the 
real benefits of larger water volume on the heat pump operation are out of scope 
of this study. The highest SPF value was achieved at the lowest return 
temperature, as shown in Figure 3-37.  

 
Figure 3-37 Return temperatures with studied connection schemes described by SPF values. 

100% = 8760 hours. 
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4 DISCUSSION 

4.1 Heating system losses and recommendation for further work 
In accordance with the EPBD directive, heating losses in a well-insulated 
building differ from business as usual (BAU) building. The main aim of this 
thesis was to provide input for the revision of 15316-2-1 standard, which is one 
of the tasks in the preparation of second generation EPBD standards. Two papers 
were focused on the losses: paper I analyzed the existing standard and gave 
detailed results for radiator heating systems and paper IV analyzed the updated 
version of the standard and discussed the operative temperature correction and 
losses related to floor heating systems.  
With regard to low energy buildings, it is questionable if all heat losses in the 
distribution pipe in heated rooms are recoverable, as stated in the EN 15316-2-3 
standard. For that purpose, more accurate allocation was used. We defined 
recoverable distribution losses as heat emission emitted by the pipes until the 
room temperature set point was achieved. The part of the heat emission which 
increased room temperature over the set point was considered as non-
recoverable loss. Results show that 40% of the delivered heat is uncontrolled and 
emitted to a room by the distribution network with the uninsulated distribution 
pipes. Most but not all of the distribution losses were recovered, as described in 
section 3.1.1. These results suggest that the methodology of distribution losses in 
the EN 15316-2-3 standard is out of date and needs improvement in order to be 
able to take into account non-recoverable distribution losses in heated rooms, as 
these losses may have similar magnitude compared to emission losses. 
Generally, in this work distribution losses and emission losses appear together 
(i.e. all distribution losses were presented together with control losses) and no 
special effort was made to separate them. In floor heating cases, the distribution 
losses were not considered, i.e. the model contains no distribution pipes. 
 Table 4-1 combines losses in the radiator heating system based on the results of 
papers I and IV in order to show relative importance of the studied loss 
components. To calculate the total temperature variation, the P- or PI- control 
value was selected and all other components were summed. Similar results for 
floor heating are presented in Table 4-2. Comparison of lightweight and 
heavyweight construction and for on-off and always on cases was added to paper 
IV to cover all commonly used solutions. Floor heating losses are reported as 
total emission losses (i.e. no separation for embedded, stratification etc. were 
made). 
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Table 4-1 Radiator system emission and distribution temperature variation 

Temperature variation, K  

Tallinn (Northern-
Europe) 

Munich (Central-Europe) 

Detached 
houses 

Apartment 
building 

Detached 
houses 

Apartment 
building 

Low-temperature radiator (45/35 °C) 
Control and 
distribution 

PI 0.01 0.01 0.02 0.02 
P 0.19 0.20 0.35 0.19 

Stratification 

External 
components 

0.03 0.03 0.04 0.03 

Vertical air 
temp. 

0.06 0.05 0.06 0.05 

Embedded 0.00 0.00 0.00 0.00 
Operative temp. correction 0.25 0.28 0.25 0.28 

Conventional radiator heating (70/55 °C) 
Control and 
distribution 

PI 0.00 0.00 0.00 0.00 
P 0.25 0.24 0.41 0.21 

Stratification 

External 
components 

0.03 0.03 0.04 0.03 

Vertical air 
temp. 

0.06 0.05 0.06 0.05 

Embedded 0.00 0.00 0.00 0.00 
Operative temp. correction 0.25 0.22 0.25 0.22 
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Table 4-2 Floor heating system emission temperature variation 

  Tallinn Munich 
Op.tem

p. 
correcti

on 

Detached house 

  
Constru

ction 
method 

Wall 
mass 

PI 
Alwa
ys-on 

on-
off 

PI 
Always

-on 
on-
off 

S
la

nb
 o

n 
gr

ou
nd Wet 

Lightw. 0.78 1.25 1.67 0.84 1.5 1.69 0.06 
Heavyw. 0.72 1.32 1.55         

Dry 
Lightw. 0.88 1.42 1.31 0.96 1.78 1.43 
Heavyw. 0.73 1.45 1.18 

M
id

-f
lo

or
 

Wet 

Lightw. 0.57 0.63 1.18 0.67 0.95 1.22 -0.07 
Heavyw. 
(65 
UFH) 

0.43 0.81 1.03       
  

Dry 
Lightw. 0.48 0.84 0.95 0.6 1.21 1.13 
Heavyw. 0.3 0.94 0.84 

Apartment building   

M
id

-f
lo

or
  Wet 

Heavy
w. (65 
UFH) 

0.16 0.96 0.86 0.2 1.4 0.94 0.09 

Heavy
w. (100 
UFH) 

0.12 0.93 0.77 0.14 1.37 0.95 
  

Dry 
Lightw. 
Heavy
w.  

0.2 0.94 0.85 0.19 1.37 0.98 
  

 
According to the results, non-recoverable losses were caused mainly by control 
losses. Stratification losses in a room with balanced ventilation and well-
insulated envelope elements can be considered very small. 
A novelty value of the radiator and floor heating comparison conducted in this 
study was the introduced operative temperature correction that enabled fair 
comparison of heat emitters providing equal thermal comfort for occupants and 
resulted in + 0.25 K temperature variation for radiators.  
Because of high number of tabulated values and especially their case and climate 
dependency, such tabulated approach can be seen as a dead end in future. For a 
more accurate approach, it would be reasonable to develop the product type 
models, which as open code, could be implemented in the energy simulation 
tools, allowing then to simulate more specific and accurate values to be used in 
national building codes and calculation methods. In this work, we were 
continuously faced with radiator model limitations in a simulation tool on the 
one hand and a large number of building energy need, heating system and 
climate combinations on the other hand. 
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4.2 Comparison of radiators and recommendations for further 
work 

Comprehensive studies to compare serial- and parallel connected panel radiators 
were conducted. This included laboratory measurements, dynamic simulations 
and an analytical approach. Results indicate that it is rather complicated to 
simulate or to make a physical test to quantify the differences of such radiators. 
The accuracy of the laboratory measurements was not sufficient because of the 
use of a proportional thermostat, which resulted in small swings in the flow rate 
and destroyed a resolution to show the differences between the cases. It became 
clear that the use of a PI-radiator thermostat would be a better choice for this 
type of measurement, and it would be reasonable to repeat the measurements in 
the future. However, our simulations showed that the radiator test room 
according to EN 422-2 is not sensitive to the differences studied because a room 
where all surfaces were cooled will compensate the positive effect of higher 
temperature of the front panel, resulting in higher radiation heat exchange 
instead of expected increased operative temperature. Therefore, it is not clear if 
it is possible to measure differences in such rooms even when more accurate 
flow rate control is applied; and it could be recommended to conduct such 
measurements in a room the conditions of which are more similar with real 
conditions, i.e., having 1-2 external walls and a window. 
The radiator model used in the simulations had also limitations to study the 
difference between radiators with parallel and serial panel connected panels. 
However, the approach used was feasible but evidently it would be beneficial to 
work with more detailed radiator and convector models, which need more input 
data (e.g. number of panels, information of fins, front and rear panel etc.) than 
the standard model used.  
Detailed simulation model could be an alternative to the CFD modeling. 
Previous studies have concluded that the CFD method is applicable to determine 
the heat output of radiators but the difference relative to  experiments was up to 
10% [63]. Erdogmus has concluded that the main advantage of the CFD is the 
control of flow properties like temperature and velocity at more than one point in 
the virtual test room. On the other hand, CFD solutions need experimental 
validation [63].   
 

4.3 Effect of return temperature on heat pump performance and 
recommendations for further work 

Heat pump as one of the possible solutions for low temperature heating systems 
was analyzed analytically and by laboratory measurements in relation to 
achieving higher heat pump performance by lowering the return temperature. 
For future work, certainly the methodology needs more laboratory 
measurements in a wider selection of test points to make adequate implications. 
Although the correlation between the condensing and the flow/return 
temperatures was high, the investigation covers only seven test points in a 
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constant flow temperature of 50 °C. These seven points showed good correlation 
by the return temperature and the condensing temperature (Figure 3-33); 
however, it has too high dispersion.  
Thus, more laboratory measurements are necessary to improve the condenser 
model so that it could consider effects of the return temperature more accurately. 
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5 CONCLUSIONS 
In this thesis the emission and distribution losses of the heating system as well as 
generation efficiency of a heat pump was studied for low-energy buildings. 
Because the existing tabulated values in the EN standards do not cover low-
energy buildings, new tabulated values were derived. To enable fair comparison 
of the radiator and the floor heating systems, a new correction factor of the 
operative temperature was introduced. Efficiency aspects of the performance of 
radiators with parallel and serial connected panels and a radiator system with a 
heat pump were analyzed.  
Detailed dynamic components of a heating system and the modeling covering 
the whole building simulation environment allowed us to quantify the 
distribution and emission losses for the radiator and floor heating. Based on the 
results reported in papers I and IV, an overall emission and distribution (in 
heated rooms) efficiency and loss values can be summarized for most important 
cases as shown in Table 5-1 (all values include the correction of the operative 
temperature).   
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Table 5-1 Heating system emission and distribution (in heated rooms) efficiency/losses in 
low-energy residential buildings in Central and North European climates  

Building type and 
climate  

System and 
Heating curve 

Control 
type 

Efficiency,- 
Losses, 

% 

Spatial 
variation 
of temp. 

K 

D
et

ac
ed

 h
ou

se
 

Tallinn 
70/55 °C P 0.94 6.95 0.60 
45/35 °C P 0.94 6.19 0.54 
45/35 °C PI 0.96 4.14 0.36 

Munich 
70/55 °C P 0.89 11.96 0.76 
45/35 °C P 0.90 10.99 0.70 
45/35 °C PI 0.95 5.63 0.37 

A
pa

rt
m

en
t 

bu
ild

in
g Tallinn 

70/55 °C P 0.92 9.22 0.53 
45/35 °C P 0.91 9.63 0.56 
45/35 °C PI 0.94 6.29 0.37 

Munich 
70/55 °C P 0.90 11.40 0.52 
45/35 °C P 0.90 10.96 0.50 
45/35 °C PI 0.93 7.25 0.34 

U
FH

* 

Tallinn (wet-
system). 

Lightweight 

35/28 °C 
(MF) 

on-off 0.88 13.81 1.18 

35/28 °C 
(MF) 

PI 0.94 6.60 0.50 

35/28 °C (SG) on-off 0.84 19.60 1.67 
35/28 °C (SG) PI 0.92 9.08 0.84 

Tallinn (wet-
system). 

Heavyweight 

35/28 °C 
(MF) 

on-off 0.87 15.04 0.86 

35/28 °C 
(MF) 

PI 0.97 2.62 0.25 

35/28 °C (SG) on-off 0.79 27.27 1.55 
35/28 °C (SG) PI 0.89 12.55 0.72 

Munich (wet-
system). 

Lightweight  

35/28° C 
(MF) 

on-off 0.84 19.43 
1.22 

35/28 °C 
(MF) 

PI 0.90 10.50 
0.67 

35/28 °C (SG) on-off 0.79 27.06 1.69 
35/28 °C (SG) PI 0.88 13.26 0.84 

Munich (wet-
system). 

Heavyweight 

35/28 °C 
(MF) 

on-off 0.82 21.72 
0.97 

35/28 °C 
(MF) 

PI 0.96 4.06 
0.20 

*Lightweight – detached building; Heavyweight – apartment building 
 
The results of the thesis have been utilized in the new updated space emission 
losses standard prEN 15316-2:2014, including more realistic values derived in 
Paper I suitable for low-energy buildings. However, the standard does not enable 
comparison of space emission solutions on the bases of the same operative 
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temperature that was proposed later in Paper IV; and there are also some 
tabulated values which will need revision to improve the scientific quality of the 
standard. Based on the distribution and emission efficiency, we can conclude the 
following: 

 No operative temperature correction is needed for floor heating, for the
radiator heating, the operative temperature variation of 0.25 K is to be
added.

 Emission losses occur mainly as control losses, which can be controlled
with PI type thermostats.

 Non-recoverable distribution losses were not significant, but the results
show that up to 40% of heat emission to the room comes from
conventional heating system pipes, which are uncontrollable.

 Insulating of pipes in heated spaces proved to have no practical effect,
only a small effect was observed with 70/55 °C graph.

  Distribution losses can be controlled with low temperature heating
curves.

 Difference between wet and dry floor heating with a PI-controller was
only 0.1 K in temperature variations.

 Losses to the ground (SG) added 0.2-0.5 K temperature variation on the
top of the mid-floor value to the floor heating.

 Generally, the differences with the PI-controller were so small that the
radiator and floor heating can be considered equally efficient.

 Radiator heating showed higher emission efficiency in all cases with the
P-controller vs. on-off controller in floor heating at the difference of 0.5-
0.9 K in equivalent temperature.

The thesis includes a comparison for the same size and type radiators with 
parallel and serial connected panels in the EN 442-2 test room to quantify the 
possible heat emission difference and energy saving of the radiator with serial 
connected panels. Serial radiator had 4 °C higher temperature of the front panel 
that resulted in slightly higher radiation share, 18 % relative to 15 % for parallel 
radiator in the 50 °C test. The rear panel temperature of the serial radiator was 
by 3 °C lower, which may have some energy saving effect in the case of poorly 
insulated walls. This approved the importance of the radiant temperature as a 
phenomenon, but in terms of energy savings there was no considerable 
difference between the studied radiators with parallel and serial connected 
panels. Parallel radiators showed slightly faster dynamic response and higher 
heat output, which resulted in slightly faster heating up time. By 3 % higher heat 
output of the parallel radiator at ΔT 50  °C increased to about 10% higher heat 
output at ΔT 25  °C, which gives some advantage of faster heating up time over 
the parallel radiator in low temperature heating systems.   
In the analysis of heat pump performance with the radiator heating, the SPF of 
the heat pump was quantified by three different comparable models – an 
analytical model, the IDA-ESBO heat pump model and the correlation equation 
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derived from two sets of laboratory measurements. Calculations with the derived 
condensing temperature correlation equation stressed the effect of relatively low 
return temperature in a radiator heating system that resulted in 9% higher SPF. 
Four different domestic heat pump connection schemes resulted in a range of 
SPF values of 3.72 to 4.21. The highest SPF was achieved with the direct 
connection scheme of the heat pump, because it resulted in the lowest possible 
return water temperature. Additionally, the effect of reduced flow rates by 
radiator thermostats was computed, because the calculation with the fixed flow 
rate return temperature can be done as a fully hand calculation if hourly heating 
needs are known. Finally, the fixed flow return temperature resulted in 4.5% 
lower SPF value, showing the importance to use the correct return temperature 
corresponding to the actual flow rates in radiators. 
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ABSTRACT 

In the past, heating system losses were of minor importance, because minimizing 
heat losses by insulating of external envelope resulted in a major gain. 
Historically, heating system losses have been scarcely studied and only a limited 
number of research publications concerning heating system emission and 
distribution losses are available. Low energy buildings have changed an overall 
situation with the support by the EU legislation, stressing the importance of 
improving the heating system efficiency. This was the main motivation why I 
choose the efficiency aspects of a heating system in a low energy residential 
building for my thesis research. 
In this thesis, emission and distribution losses of a heating system as well as 
generation efficiency in the case of a heat pump were studied for low energy 
buildings.  
This research is based on simulations where a detailed dynamic simulation 
model with heating system components was developed to quantify emission and 
distribution losses for a detached house and an apartment building under two 
climates (Northern and Central European) in heating dominated parts of Europe. 
One objective of the work was to provide low energy buildings and low 
temperature heating related input for updating of the EN 15316-2-1 standard, 
which is under revision. Generally, the losses of low temperature heat emitters 
were significantly lower than the existing ones in the standard. Besides the 
tabulated emission and distribution losses, we introduce a new approach where 
the correction factor of the operative temperature is added to enable fair 
comparison of radiator and floor heating systems. The use of the operative 
temperature set-point increased the temperature variation in the case of radiator 
heating by 0.2-0.3 K and for floor heating no correction was needed.  
In addition, the performance of radiators with parallel and serial connected 
panels and a radiator system with a heat pump were studied. The thesis includes 
a comparison for the same size and type radiators with parallel and serial 
connected panels in the EN 442-2 test room to quantify a possible heat emission 
difference and energy saving of the radiator with serial connected panels. As a 
result, in terms of energy savings no considerable difference was found between 
the studied radiators with parallel and serial connected panels.  
One way to achieve EU targets is to produce heat more efficiently. In the thesis 
our special interest was to study the heat pump performance in a radiator system 
where the temperature drop is typically higher and return water temperature is 
lower than that of floor heating. Unfortunately, most of existing models are 
simplified and they do not consider the effect of return temperature on the 
seasonal performance of a heat pump (SPF). We quantified the heat pump SPF 
by three different comparable models - analytical model, IDA-ESBO heat pump 
model and by a correlation equation derived from two sets of laboratory 
measurements. The calculation with the correlation of the derived condensing 
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temperature showed the effect of relatively low return temperature in a radiator 
heating system that resulted in 9% higher SPF.  
Finally, the thesis gives an overview and recommendations for the emission and 
distribution losses of a heating system, their impact on thermal comfort and 
energy performance in low energy residential buildings. 
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KOKKUVÕTE 

Ajalooliselt on küttesüsteemi kadudele vähe rõhku pööratud, kuna hoone soojus-
kadude vähendamine soojustamise teel annab oluliselt suuremat energiasäästu. 
Küttesüsteemi kadusid ei ole piisavalt uuritud, vaid üksikud teaduslikud 
uurimustööd keskenduvad küttesüsteemi väljastamise ja jaotamise kadudele. 
Madala energiatarbega hooned on aga üldist olukorda oluliselt muutnud. Euroo-
pa Liidu poolt püstitatud ambitsioonikad energiasäästu eesmärgid sunnivad aga 
järjest enam rõhku pöörama energiatõhusa hoone karbi kõrval ka tehno-
süsteemidele ja ventilatsiooni kõrval ka küttesüsteemidele. Kogu Euroopa Liit 
liigub liginullenergiahoonete poole ja seniste uuringute vähesus tekitas huvi 
uurida vastavat ala ja kirjutada väitekiri küttesüsteemi efektiivsust mõjutavatest 
teguritest madala energiatarbega eluhoonetes. 
Väitekirjas uuritakse madala energiatarbega hoone küttesüsteemi väljastamise ja 
jaotamise kadusid ja ka soojuse tootmise efektiivsust soojuspump-küttesüstee-
mide korral. Töö põhineb simulatsioonidel, kus detailse dünaamilise simulat-
sioonimudeli abil modelleeritakse väljastamise ja jaotamise kadusid eramajale ja 
kortermajale kahes erinevas kliimas (kaasates nii Põhja- kui ka Kesk-Euroopa). 
Mudeli erakordsust rõhutab küttesüsteemi komponentide detailsus, mis sisaldab 
ka küttesüsteemi jaotustorustikku. 
Üheks oluliseks väitekirja eesmärgiks oli anda sisend CENi standardile 
EN 15316-2-1, mis kirjutamise hetkel on uuendusfaasis. Kehtivas standardis on 
peamine tähelepanu kõrgetemperatuurilistel küttesüsteemidel, kuid madalatem-
peratuurilistele küttesüsteemidele ja madala energiatarbega hoonetele pole 
pööratud piisavat tähelepanu. Üldiselt madalatemperatuuriliste soojusväljastus-
süsteemide kaod on madalamad kui traditsioonilistel kõrgetemperatuurilistel 
küttesüsteemidel.  
Erinevate soovituslike jaotus- ja väljastuskadude kõrval testisime ka uut lähe-
nemist, millega leidsime korrektsioonitegurid, et võtta arvesse operatiivne 
temperatuur erinevate soojusväljastussüsteemide võrdlemisel. Operatiivne, s.t 
inimese tunnetuslik temperatuur, võimaldab sama soojusliku mugavuse juures 
võrrelda põrand- ja radiaatorküttesüsteemi. Operatiivset temperatuuri kasutades 
tuleks radiaatorküttesüsteemi korral tõsta õhutemperatuuri 0,2–0,3 K, et saavu-
tada põrandküttega võrdne tunnetuslik temperatuur. 
Täiendavalt võrreldi paralleelse ja jadamisi küttepinnaga radiaatorite 
energiatõhusust ning analüüsiti soojuspumba efektiivsust radiaatorküttesüsteemi 
korral. Uuringus võrreldi sama suuruse ja tüübiga paralleelse ja jadamisi kütte-
pinnaga radiaatoreid EN 422-2 testruumis, et analüüsida võimalikku soojus-
väljastuse erinevust ja energiasäästu jadamisi ühendatud küttepindadega radiaa-
toritega. Testi ja simulatsiooni tulemusel leiti, et radiaatoritel puudub oluline 
erinevus.  
Üks võimalus tagada ELi ambitsioonikaid eesmärke on toota soojusenergiat 
efektiivsemalt. Töös uuriti soojuspumba kütteperioodi keskmist soojustegurit 
radiaatorküttesüsteemi korral, kus võrreldes põrandaküttega on suurem tempera-
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tuurilang ja tagastuva vee temperatuur on madalam võrreldes põrandkütte-
süsteemiga. Kahjuks enamik kasutatavaid soojuspumba mudeleid omab mitmeid 
lihtsustusi ning ei arvesta madalamast tagasivoolutemperatuurist saadavat 
kõrgemat soojuspumba soojustegurit. Võrdlesime soojuspumba aasta keskmist 
soojustegurit kolmel viisil: analüütiline lähenemine, IDA-ESBO standard 
mudeliga simulatsioon ja korrelatsioonivalemite abil tuletatud soojustegur, mis 
tuletati laborimõõtmistulemuste abil. Arvutused näitavad, et laborikatsete abil 
tuletatud korrelatsioonivalemid annavad keskmiselt 9% kõrgema aasta keskmise 
soojusteguri.  
Lõpetuseks, väitekiri annab hea ja põhjaliku ülevaate koos soovitustega, mis 
võimaldavad tõsta küttesüsteemi jaotuse ja väljastamise efektiivsust ning seeläbi 
tõsta hoone energiatõhusust ilma järeleandmisteta soojuslikus mugavuses. 
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