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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/m? in apartment buildings and between 150 and 230 kWh/m? 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:

e Minimizing heat losses — lowering U-values or tightening the building

envelope elements;

e Minimizing heating system distribution and emission losses;

e 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).

[ Heating system losses ]

§ 1

Auxiliary [ Thermal losses ]

g

Recoverablelosses Non-recoverable losses

losses

J ] U |

[ Distribution losses ][ Emission losses ][ Storage losses ][ Generationlosses]

[ Control losses ] [ Stratification I[ Embedded losses ]

Stratification (vertical air Stratification (external components
temperature profile) (e.g. backwall of radiator)

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:

e 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)

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

e to determine the effect of insulating on distribution losses (I);

e to quantify the differences in heat emission efficiency for radiators with
parallel and serial connected panels (I1);

e to analyze thermal comfort and operative temperature in the EN 422
radiator test room (I1);

e 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 (I1I).

e to test hand calculations of SPF based on hourly heating energy needs
and the return temperature of the theoretical heating curve (I1I)
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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 7 is a reciprocal value, i.e. the energy
use with losses can be calculated as 1/m. 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).

)

ntot = nemission ' ndistribution ’ nsturage ' ngeneratian

where #emission 1S the emission efficiency; #aiswisurion 18 the distribution efficiency;
Nstorage 1S the storage efficiency and #generarion 1S 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, #emission =100/110=0.909 and #aistrisution
=110/125=0.88. The total efficiency is 7, =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).

1

4- (77sn~aziﬁcmon + Deontrot T Membeddea) )
Where #conror 18 the part of efficiency level for room temperature control; #empedded
is the part of efficiency level for specific losses of the external components
(embedded systems) and #yanificaion 1S the stratification efficiency, which is the
part of efficiency level for a vertical air temperature profile (non-uniform
temperature) calculated by Eq. (3).

77 = nstrl + 775”2
stratifica tion 2 (3)

nemission -

Stratification is influenced by:
e over-temperature (#s1) that is neglected in this study, but analyzed in
the discussion;
e specific heat loss via external components (#2), (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).

eint;inc = gint;ini + Agstr + Aectr + AHemb + AHrotd + Ael'm (4)

+ Aghydr + A97‘00maut

where 0j,¢.in; 1s initial internal temperature (°C); A, is spatial variation of
temperature due to stratification (K) (Eq. (5)); A8, is control variation (K);
O.¢r1 Or AB.4pp where AB.4-, should be used for standard calculation if no
information is available and A8, should be used for calculations with certified
products. Alternatively, product specific values can be used if proved by
certification; Af,,,;, is temperature variation based on an additional heat loss of
embedded emitters (K) (Eq. (6)); Af,,4 is temperature variation based on
radiation by the type of the emission system (K); A8;,, is temperature variation
based on an intermittent operation and on the type of the emission system (K)
(Eq. (7)), ABpyqr is temperature variation based on non-balanced hydraulic
systems (K); ABroomaqut — temperature variation based on a stand alone or
networked operation room automation of the system (K); 8;y,¢.inc is temperature
variation based on all losses (K).

18



AOprs + AOye. 5
B, = stri1 str;2 5)

Stratification is influenced by the over-temperature (Afg,.;) and specific heat
loss via external components (A8, ), (€.g. additional heat loss from the back-
wall of a radiator).

AB,p1 + AOopp. 6
Aeemb — emb;1 emb;2 ( )

Embedded heat loss is to be formed from the data for the main influence
parameters system (A8,,p.1) and specific heat losses via laying surfaces

(Aeemb;z)-

ABiy = Aez'm;emt + Aez'm;ctr 7
where A8;p,..m: 1s temperature variations based on an intermittent operation on
the type of the emission system (K); AB;;,..¢ 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 /DA
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 (#1) 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 °C as a conventional heating system and 45/35 °C as a low
temperature heating system; in addition, 35/28 °C 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 Apaﬁrpent
building
= Exterior wall 0.17 0.17
N (lightweight) (heavyweight)
E 0.14 0.14
= Roof (lightweight)  (heavyweight)
g Ground floor 0.17 0.17
73 Windows (triple pane glazing, g=0.5) 0.8 0.8
g Specific heat loss coefficient H/Aye
- (W/(m?K)) 0.58 0.44
5 Ventilation (continuous) rate 1/(s m?) 0.46 0.56
8
":;) Leakage rate qso. m3/(h m?) 0.6 0.6
>
Usage (max = 1) W/m? W/m?
S o Occupants 0.6 2 3
£ Lighting 0.1 8 8
£ * Equipment 0.6 2.4 3
W/m? W/m?
o0 B Average 29.9 Average 22
(0]
= i Tallinn (15.9...49.1) (7.8...31.8)
é 4 Average 23.9 Average 15.4
2 Munich (11...39.5) (6.3...25.9)
kWh/m? kWh/m?
> i Heat frorz Zgﬁ}l;ll};mon heat 55 69
2 = Heat from internal and sol
= E eal ronll1 internal and solar 59 70
5 eat gains
5 Heat from heating system 46 26
o0 o
£ Heat from ventilation heat 45 57
S < recovery
= = Heat from internal and solar
2 = . 61 72
S S heat gains
© 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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Zone-7 Zone-8

RA-N-15 (Pl or P)
2 nd. floor

manifold Zone N5..N8
Ideal boiler ! connection pipe
— distribution pipe

circulation pump 1st. floor
(const.pressure or | manifold Zone N1..N4
const. speed)

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

Dry system, 1% floor

Wet system, 1°* floor

& - e Ao .

Mid-floor %

=l Parquet 8 mm
Parquet 8 mm Screed 25 mm
Concrete 65 mm Aluminium fin 0.5 mm
Isolation 100 mm Heavy isolatsion 25 mm
Isolation 100 mm
Wet system, ground floor Dry system, ground floor
o S 4o . LTI
A A 7=
Slab on X YooE
pnd OO DIOOD
Parquet 8 mm Parquet 8 mm
Concrete 65 mm Scree:d. 25 mm
Heavy isolation 340 mm Aluminium fin 0.5 mm
Hollow-core slab 265 mm Heavy isolation 340 mm
Hollow-core slab 265 mm

Apartment building

Wet system (100 mm), 1% floor

Wet system (65 mm), 1™ floor Dry system, 1% floor

LWy

r 2 » =
FAWAV AV AV A VL VL WaN

:")‘,

FAW. W
Mid-floor :)

P' s — . - Parquet 8 mm

arquet 8 mm Screed 25 mm
Parquet 8 mm ~C

Concrete 65 mm Concrete 100 mm Aluminium fin 0.5 mm

Heavy isolation 25 mm

Heavy isolation 25 mm
Hollow-core slab 265 mm Hollow-core slab 265 mm

Heavy isolation 25 mm
Hollow-core slab 265 mm

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).

0=C-0Q,, ()

where Q is the maximum power of the unit (W); C is the control signal of the
unit (controlled by a Pl-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).

P = qm ' C1liq ' (]:n _]:)ut) (9)

where P is a heat flux from the water (W); ¢, is water mass flow (kg/s); Ciq is
the specific heat of water (J/kgK); Ti, is the water inlet temperature to the
radiator (°C); T, is the water outlet temperature from the radiator (°C).

The total heat generated by the radiator is modeled by Eq. (10).

P=K-1-dT" (10)
where K is the power law coefficient which depends on the width and type of the
radiator (W/(mK"); / is the length of the radiator (m); d7T is logarithmic
temperature difference between the water and the air (°C); " 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).

pP= Qfmnt +Qonv+Qwa11 (1D
where Qjion 1s the heat transfer on the front side of the unit (long wave radiation
and convection) (W); O is an extra convective heat load, e.g. from the back
side and possible fins (W); Q. 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).

dr,, (12
mrad ’ Cliq ’ dt = Qliq - Qair

where m,q is a mass of water inside the radiator (kg); Ci, the specific heat of
water (J/kgK); dT.r radiator surface temperature (°C); dt is a time (s); Qi iS
heat flux water to surface (W); Q.- 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):

szb q hq out) ( ! 3)

where Qump 1s a heat flux from the pipe (W) to the ambient; g is a mass flow
(kg/s); Ciig is the specific heat of water (J/kgK)); #, is the water inlet temperature
(K), and ¢, 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).

0. (14)
Aliog = T bd N
1

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

I _po b @ ! (15)
U

- At
wall in 40—(7)3
{. 21( )0 >y
pi ( 4 )(1 &)
2

where At is the temperature difference between mean air and pipe (°C);o
=5.67+10" W/m?K* is the radiation heat transfer coefficient; ¢ is pipe surface
emissivity; & is surrounding surface emissivity; do. is pipe outer diameter mm;
di, pipe inner diameter mm; A thermal conductivity W/(mK).

In the calculation with pipework, all radiators receive somewhat lower
temperature than that from the boiler.

out
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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.

0.50

—Constant pressure

045 ~— pump

E 0.40 i —Constant speed pump
T 035 ’ \ |
=
S
2030 ! ,
0.25 1 |
0.20
0 02 04 06 08 1 1.2 1.4 1.6
Flow rate - Q (m3/h)

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.

Wall-side Wall-side

-~ -~ g o o . g

T & |

——— g ——

Parallel Serial

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 AT=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.

__R=2.483 m2K/W

g — globe

600
780

2000

—— . (9 ‘7 « measurement point
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 ¢ is controlled with surface temperature 7, , which is the same for all
room surfaces. g.: was measured from the water flow side (Figure 2-7).

To change the surface temperature 7§ 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 g, and T:

G =1T) (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 (¢-) and convection (g.) and heat transmission
through insulation in the wall where the radiator is mounted (gw) Eq. (17).

qloss = qr +qc +qw +qhw (1 7)
where g5, is the heat conduction through the area behind the radiator. Radiator
heat emission is described as Eq. (18).

Qi =99 pom 90 T s (18)
where gpon= ¢qr + g consists of radiation (g,) and convection from the front
panel (g), g is convection from convection fins and g5 is the total heat transfer
from the rear panel. Because g and surface temperatures were measured, it is
necessary to calculate only ¢,. According to the steady state heat balance, g =
{loss-

%%
o Ts

NN q/
T XS Qer

B 7< qcf Ta q

Tsr
Figure 2-7 Heat balance of the EN 442-2 test room. Heat from cooled surfaces ((7s) is
removed with a water flow.

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

g, =04, F, (' -1") (19)
where 6=5.67-10® W/(m*K*) is the Stefan-Boltzman constant and F.,. is the
total exchange factor Eq. (20).

o 20)

1
LJF L—1 +A’ i—1
F:‘*S g!‘ AS gS

s
Because of the view factor F,_ = ZE =1, by Eq. (21), the total exchange

factor becomes Eq. (21).

1
F,, = = 0.899 @1

7T (1 0.84( 1
S R ) .
1 (0.95 j 68 (0.9 j

As the net radiation heat exchange can be calculated byEq. (19) and g is
measured, convection ¢. can be calculated from the heat balance as in Eq. (22).
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G+ G+ G =Gon =G, @2)
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).

Gy, =U,,4.-(T,-T) (23)

where the wall surface temperature Ty is measured and Us,=1/2.483=0.402
W/(m*K). Through the rest of the insulated wall Eq. (24).

4,=U,-4,(T,-T) (24)
where a building code default value of the surface heat resistance of 0.13
(m’K)/W was used to calculate U,=1/(2.483+0.13)=0.383 W/(m’K). With Egs.
(19), (23) and (24), convection heat transfer rate g. can be calculated Eq. (25).
From ¢., the convection heat transfer coefficient /. can be calculated Eq. (26).

q.=h-4-(T,~T) (23)

025
h=c:(T,-T) (20)
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:

e change the measured 7, value to 7,

e calculate new over-temperature (logarithmic temperature difference
between the water and the air) for the radiator and newly adjusted heat
emission (27).

Aﬂn,z

A];n,l

e calculate the new value of g. with Eq. (22) and iterate the new 7, so
that the constant from Eq. (26) remains the same, i.e. c2 = ci.

This calculation provides a new air temperature 7, and a new heat emission of
the radiator for the given change of the surface temperature value 7. 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 T and T, 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

Qo2 = Y011 (27)
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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.

——i0am

Upa=0.27
WimIK
Utoo=0.27 1400 mm
WimK
Ufloor=0.27 - L=
Wik 600 = .
qv=0.5 /s m? mm - 5
Figure 2-8 Simulated EN 442-2 room and the radiator in IDA-ICE model (white wall is

adiabatic)
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Usat=0.17
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I
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).

T ~Toe (28)
=7, +(7,, ~T,)-e %

a

T

ret

where T is the return temperature and 7o, 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 °C 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 SkW
Atlog,eva. 8 °C
Atlog,cond. 8°C
tbrine.in 0°C
o
torine.out -3°C
o
twater.in 30°C
o
twatemut 35 C
COPtechonditions 43
45 0.08
Q 0.07
°d) 40
g —=Tflow ==Treturn & 0.06
o
® 35 ; 0.05
i
2 % =: 0.04
g éo.os
:‘-3 25 0.02
© 0.01
= 20 0.00
0 10 20 30 40 50 60 70 80 90 100 0O 10 20 30 40 50 60 70 80 90 100
ime ©
Time % Time %

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).

GROUND LOOP HEAT PUMP HEATING SYSTEM
brine » R407C L Water _

wmI
&3
=
=5

HOLYHOYAT
:H
YASNIANOD

MNYL NOLWYDIHIYYLS

E

HOLYHOdWNT
W3LSAS
ONILLYIH

T,
imEal
3 ( ol g le wI
5|12 =<
(RAFIE R
gTﬂ

E”
3

T,

W3LSAS
ONILY3

HOLyHOdY AT
HISNIANOD
-

b
HNYL

MOILYDIILYH LS

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).

9__ 1 (29)

cop==L-
WL -1,

where COP. is the Carnot coefficient of performance; @, is a useful heating

capacity (W), W'is a total power (circulation pumps were included) (W); 7 is a

condensing temperature (K); 7, is an evaporating temperature (K).
COP=COP-n (30)

where COP, is the heat pump coefficient of the performance; # 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).

spr =2 31)
P

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).

2.44 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).

Qevap/cond = m'Cp (1, -T,) (32)

where Qevgpreona 1s the heat flux from the heat exchanger (condenser or
evaporator) W; m is mass flow in the space heating circuit kg/s; C, is the specific
heat of water (J/kgK); 1, 1is the return water temperature from the space heating

circuit K; 77, is the flow water temperature to the space heating circuit K.

34



(1, = T) (33)
Tl — Tll
Tl - le
where U is the condenser heat transfer coefficient W/(m?K); 4 is the condenser
area m’; 7 is the condensing temperature K.

le — T11 (34
(1- EXP(- v-4 )
Cp
Equation (34) is illustrated in Figure 2-12, showing the dependency between the
heating system return (T;;) and the condensing (77) temperature at the constant
flow temperature of 50 °C at constant power (Figure 2-12 (left)) and constant
mass-flow (Figure 2-12 (right)).

Qevap/cond = U A
In

L=T1,+

54 54

53 53

52 52

=51 =51

50 50

49 49

48 48

25 29 33 37 41 45 25 29 33 37 41 45

T11 Tll

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).

Qevap/cond — m:- Cp : (TIZ - Til) (35)
At At

Where Atjgcona. 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).

U-A=

log.cond. log.cond.
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712_711 le_Tll (36)

I =T,+ =T, + — =
a-exp- Ay g G T,
m:- CP m:- Cp ’ Atlog.cond
=T + T, — T,
11 _
1- Exp(- 2= 1n)
log.cond

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.
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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 Pl-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.

A Week: from 2010-03-22 to 2010-03-28 ;2_ Week: from 2010-03-22 to 2010-03-28
5,04 20+
54
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QA
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2204 204 \ \
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21 21
Wed ™y Fr Sat Sun —Non Toe vie o fn, se .
1920 1960 1960 1960 2000 2020 2040 2060 2080 1920 1940 1960 1980 2000 2020 2040 2060 2080
©— Mean air temperature, Deg-C ©—Mean air temperature, Deg-C
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.

| Date: 2010-01-18

/" Date: 2010-01-18

412 4 418 418 420 42 44 428 428 40 4R 408 410 412 414 416 418 420 422 424 428 428 40 4%

<A X
o Date: 2010-03-20 C’ Date: 2010-03-20

74 1876 1878 1880 1882 1834 1836 1883 1890 1892 1894 1896
©— Mean air temperature, Deg-C

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

P-controller (set P-controller (set PlI-controller (set
point 20.5 °C) point 21 °C) point 21 °C)
Mode Climate SIII:]:;::O C(:lltr Control Contr Control Contr Control
1 efficienc ) efficienc | efficienc
osses. osses. 0sses.
o y-n o, y.-1 o y-1
‘qa) 5 Tallinn Det-45 3.34 0.97 12.99 0.89 0.00 1.00
=) g 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
<© VU pe70 440 0.96 1610 0.86 0.00 1.00
g 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
% 2 Munich Det-45 5.28 0.95 13.43 0.88 0.00 1.00
o Y pet70 6.4 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,
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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.
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-]
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0.5 /
0.0 s

20.5 21.0 21.5 22.0

Indoor temperature, °C
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 Egs. (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.

Const. pressure pump Const. speed pump

Distribution Distribution Distribution  Distribution
Mode Simulation case and E.md. and and

emission ermission emission emission

losses, % efﬁcg‘,ncy, losses, %  efficiency 1
Det.45 0.84 0.99 1.22 0.99
‘:g) 50 Det-45-D 0.64 0.99 0.79 0.99
g _g Det-45-DC 0.00 1.00 0.00 1.00
g = 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
9 Det.45 0.06 1.00 0.22 1.00
2 Det-45-D 0.06 1.00 0.00 1.00
ﬁ 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
Floor Floor
. . heating heating quor
Radiator ~ Radiator heating
o . . wet dry 35/28
Temperature variation heating heating 35/28°C  °C (mid- wet 35/28
45/35°C  70/55°C . °C (slab on
(mid- floor) d
floor) ground)
ABing;ini 21.00 21.00 21.00 21.00 21.00
Ay 0.25 0.25 0.00 0.00 0.00
ABcye 0.70 0.70 0.70 0.70 0.70
ABemb 0.00 0.00 0.40 0.25 0.40
ABpaq 0.00 0.00 0.00 0.00 0.00
ABin 0.00 0.00 0.00 0.00 0.00
ABhyar 0.00 0.00 0.00 0.00 0.00
ABroomaut -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 6=0.0846n+0.012, Munich ©=0.06165+0.023 and for an apartment
building in Tallinn 6=0.05641+0.012 and Munich 6=0.04365+0.023 (where O
is temperature variation K and 7 is heating system emission loss %) (Figure 3-6
and Figure 3-7).

- 1.2 « 12
S0 ©=0.0846n +0.012 S 10 0=00616n+0.023
27 R? = 0.9995 S =0
208 mos
o f=
206 Sos
5 g
% 0.4 S04
g [
g 0.2 8.0,2
2 0.0 g 0.0
0 2 4 6 8 10 12 = 0 2 4 6 g 10 12 14 16
Emission loss, % Emission loss, %

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

P (radiator) /  Always on —

Heatine svstem PI control, on-off no control,
£y K (UFH) K (heating
control, K curve)
45° C/35°C 0.11 0.29
70 °C/55 °C 0.11 0.35
Tallinn UFH —35°C/28 °C wet 0.57 118 0.64 (30
o c. (mid-floor) ‘ ’ °C/23 °C)
=]
S UFH - 35 °C/28 °C wet 1.25 (30
% c.(slab on ground) 0.78 1.67 °C/23 °C)
§ 45 °C/35 °C 0.12 0.45
2 70 °C/55 °C 0.12 0.51
Munich UFH —35 °C/28 °C wet 0.95 (30
¢. (mid-floor) 0.67 1.22 °C/23 °C)
UFH — 35 °C/28 °C wet 1.50 (30
c.(slab on ground) 0.84 1.69 °C/23 °C)
45 °C/35°C 0.09 0.28
oh (o] (o]
é Tatlinn UFH 7(f)SSC/CS/SZEKCC - > 0.96 (28
5 -35° °C wet .
; ¢. (mid-floor) 0.16 0.86 °C/22 °C)
‘é’ 45 °C/35 °C 0.06 0.22
8 Munich 70 °C/55 °C 0.11 0.30
< UFH - 35 °C/28 °C wet 0.20 0.97 1.40 (28
¢. (mid-floor) ) ) °C/22 °C)

Table 3-4 compares the Pl-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  Construction Wall mass Detached Apartment Detached Apartment
type method house building house building
Lightweight 0.78 0.84
E g Wet Heavyweight 0.72
% §D Dry Lightweight 0.88 0.96
Heavyweight 0.73
Lightweight 0.57 0.67
Wet Heavyweight
g (65 mm 0.43 0.16 0.2
8 concrete)
E Heavyweight
S Wet(100mm) (100 mm 0.12 0.14
concrete)
D Lightweight 0.48 0.6
Y 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.

Occupant - in the centre of the room 5o Occupant 0.6 m from window
R4 ® 4.0
8 8 o

o

s —e—45/352C %30 ——45/35eC
5, —m-70/55C = -m-70/552C
— o
g UFH 35/282C 2 2.0 UFH 35/282C
w1 ——100% convective E 1.0 “| =—=—100% convective

° 0.0 \o—l

1 2 3 4 5 :
1 2 3 4 5

No. of external elements

No. of external elements

Figure 3-9 Additional heating energy at -22 °C outdoor temperature relative to the case with
the lowest energy with insulation level corresponding to a low-energy building.
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No. of external elements

No. of external elements

Figure 3-10 Additional heating energy at -22 °C 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 °C). To analyze heating system dynamics, the annual
simulations with the Pl-control were conducted, which provided smaller
differences but stronger effect of the occupant position, as shown in Figure 3-11.

12Occupant - in the centre of the room 12 Occupant 0.6 m from window
——-45/352C ——45/352C

X 10 / 0

w v

g8 | o 28 o

2 -8-70/552C a -=-70/552C

c 6 =

.° ]

2 4 UFH 35/28°C | ‘@4 UFH

£ k= i 0

E . E, p 35/28°C
2 3 4 5 convective convecti

) 3 4 5 nvective
No. of external elements No. of external elements

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 °C 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

(8] 223
§ 223 4 s #-06m
£218 521
E ® —o—Centre
£213 §21.3
§20.8
£208 £ 03
2203 —-0.6m O
.5198 £19.8
©
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'_019'3123‘4‘51234512345 12345123‘4‘512345
45/35eC 70/552C | UFH 35/282C as/3sec 70/ssec UFH 35/288C

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 °C in the
centre of the room, the operative temperature close to the radiator is up to 1.4 °C
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 Pl-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.
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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 °C 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.
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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 °C flow temperature

Two flow temperatures were used, 50 °C and 70 °C. 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 °C 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 AT 50 °C increased to about 10% higher heat
output at AT 25 °C.
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Figure 3-17 Test 1 with 50 °C flow temperature: water mass flows and heat outputs from
water side.
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Figure 3-18 Flow and return temperatures at 50 °C 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.
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Figure 3-19 Front and rear panel surface temperatures at 50 °C in Test 1.
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Figure 3-20 Room air and cooled surface temperatures at 50 °C 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 °C lower and 0.2 °C lower at
air and operative temperatures. Operative temperatures estimated from the globe
temperature were about 0.2 °C higher, but the differences between the cases
were the same.

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

Air, Cooled Front ~Mean  Operative  Operative

T surfaces, panel radiant, ,7,,0.75 from globe

T s T r T rad,mean m T op,globe
Parallel 50 °C Test 1 ~ 19.98 18.38 39.7 18.79 19.39 19.62
Serial 50 °C Test 1 20.19 18.48 44.0 18.97 19.58 19.82
Parallel 50 °C Test2  19.88 18.39 38.5 18.78 19.33 19.55
Serial 50 °C Test 2 20.07 18.47 431 18.95 19.51 19.74
Parallel 70 °C Test1  19.69 17.88 40.3 18.31 19.00 19.26
Serial 70 °C 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 °C Test 1, Ty was changed
so that T,, changed from 19.39 to 19.58 °C. Adjusted parallel was then compared
with serial having the same operative temperature of 19.58 °C,Table 3-7. To test
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the accuracy of the analytical model, serial 50 °C 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 °C and cooled surface temperature change of 0.20 °C 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 °C 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 °C 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 1939 T, 19.58 — Top 19.33 Top 19.51

— 19.58 19.39 — 19.51 — 19.33
Air, Ty adiusteds °C 20.16 20.00 20.05 19.90
Cooled surf., Ty, adjusted> °C 18.58 18.28 18.58 18.29
Parallel 50 °C, heat 815.1 824.9 713.1 722.4
Serial 50 °C, 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 °C
flow temperature
The tests at 70 °C 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 °C. In the case
of a parallel radiator, initial room air and surface temperatures were about 0.1 °C
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.
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Figure 3-21 Dynamic step response of the room air temperature at 70 °C in Test 1.

Water mass flow and heat output of radiators are shown in Figure 3-22. Similar
to 50 °C 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 °C test where the return temperature of the
parallel radiator was significantly lower. Panel surface temperatures showed
similar performance as in the 50 °C test, Figure 3-24.
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Figure 3-22 Water mass flows and heat outputs from water side at 70 °C in Test 1.
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Figure 3-23 Flow and return temperatures at 70 °C in Test 1.
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Figure 3-24 Front and rear panel surface temperatures at 70 °C 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 °C 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 °C. The IDA-
ICE radiator model provided identical front panel surface temperature for the
parallel radiator when the return temperature was about 6 °C 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 °C. 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 °C and 20.58 °C 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
Flow temperature, °C 50.0 57.6
Return temperature, °C 39.8 434
Front panel surface temperature, °C 39.8 44.1
Rear panel surface temperature, °C 39.8 44.1
Air temperature, °C 20.7 20.6
Front panel gfion, W 178.7 227.1
Convection g¢, W 624.7 576.2
Back side gp, W 0.0 0.0
Water massflow, kg/h 67.7 48.6
Total heat output gior, 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 °C, the model provided identical front panel surface
temperature for the parallel radiator roughly at the same flow temperature of 53
°C (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 °C. 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 ggont, W 179.2 227.7
Convection gcr, W 446.8 396.8
Back side gp, W 8.6 9.2
Corrected back side gb, corrected, W 8.8 8.4
Total heat output gior, W 634.6 633.7
Corrected total heat output g, W 634.8 632.9
Water massflow, kg/h 0...36.0 0...324
Annual heating energy use, kWh/(m? 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.
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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 (Egs. 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 m’, 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.
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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).
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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 Egs. (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).
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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.
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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 Atiygcons= 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

EER EERip Avg. Volume U-A
Tl T2 Carnot .measure Il T“ le kW flow I/s radiator

Casel 45.06 - 511 231 045 29.64 49.62 8.09 0.36 0.45
Case2 4698 - 496 2.15 0.43 3538 5005 7.94 0.48 0.36
Case3 48.67 - 482 197 0.41 40.15 4998 7.79 0.7 0.31
Case4 50.88 - 4.61 1.81 0.39 4499 50.01 7.56 1.33 0.28

Test results show that the lower return temperature decreased the condensing
temperature, resulting in higher COPcumot (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

) R = k)
= 5 2 2
8 s S S . 2 g
= S = 2= — g £ =
s w w5 3 g N 5 E 0z B 5
& E0 £ 5 ° S5 5 = el g g
vz B9 E g 2 2 2 5., & % E 2
8 23 8o & £ Sg§ %z 22 S S : 3
B~ T o T3 m M Q& A BHXM O O o S
1 5000 4200 -500 -720 255 2.5 724 335 283 079 2.09
2 3500 2930 000 -3.60 250 220 10.1 456 4.06 155 2.09
4
3 4500 40.00 -0.10 -3.00 273 244 9.00 3.66 330 155 2.09

55.00 50.60 0.00 -2.40 292 262 792 298 271 155 209
5 35.00 23,50 0.00 -3.80 238 214 105 442 489 079 2.09

6 35.10 30.10 -0.10 -2.90 253 223 102 405 457 1.77 257

7 55.00 51.10 0.00 -1.90 294 262 796 271 3.00 1.77 257
8 45.00 4050 0.00 -2.40 276 246 9.16 331 3.69 1.77 257
9 50.00 40.10 0.00 -2.90 275 234 894 325 381 079 2.09
10 50.00 3820 500 1.40 291 251 107 428 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 Atio; values (Table 3-12).
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Table 3-12 Condensing temperature calculation

T, T; calec. Ty cale. T; cale. T; calc.

measured At =1 Atioe.=3 Atiog.=5 Atiog.=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
R? value) with a formula of xT;;+(1-x)T1»=T;. 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=0.62T,+0.34T;+4.5 with slightly higher R? value than in our
measurement results T;=0.67T,+0.36T,+1.05, as shown in Figure 3-32.
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Figure 3-32 Equations of condensing temperature correlation giving higher weighting for
flow temperature.

Ti(calculated)

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).
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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 °C 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).
40

e32 —Flow
3
E. 28 —Return simulated

—Return fixed water
flow rate

0 10 20 30 40 50 60 70 80 90 100
Time %

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).
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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=0.67T,+0.36T;+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.

T,, duration curves by different connection
schemes

0 10 20 30 40 50 60 70 80 90 100
Time %

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

Tallnglu(rgr())er;hern- Munich (Central-Europe)
Temperature variation, K Detached  Apartment Detached  Apartment
houses building houses building
Low-temperature radiator (45/35 °C)
Controland  PI 0.01 0.01 0.02 0.02
distribution P 0.19 0.20 0.35 0.19
External 0.03 0.03 0.04 0.03
. . components
Stratification Vertical air
ertiea 0.06 0.05 0.06 0.05
temp.
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)
Controland  PI 0.00 0.00 0.00 0.00
distribution P 0.25 0.24 0.41 0.21
External 0.03 0.03 0.04 0.03
. . components
Stratification Vertical ai
ertcat ait 0.06 0.05 0.06 0.05
temp.
Embedded 0.00 0.00 0.00 0.00
Operative temp. correction 0.25 0.22 0.25 0.22

69



Table 4-2 Floor heating system emission temperature variation

Tallinn Munich Ot
Detached house P p em
Cor}stm Wall Alwa  on- Always on- | correcti
ction PI PI Y
mass ys-on off -on off on
method
= Lightw. 078 125 1.67 084 15 169 | 0.06
SE W' Heavyw. 072 132 155
RIS Lightw. 0.88 142 131 096 178 143
7 Y Heavyw. 073 145 118
Lightw. 057 0.63 118 0.67 095 122 -0.07
5 Heavyw.
o
s Vet 65 043 081 1.03
N UFH)
= b Lightw. 048 084 095 06 121  1.13
"Y' Heavyw. 03 094 0.84
Apartment building
Heavy
w.(65 016 096 086 0.2 14 094 | 0.09
. we U
3 Heavy
i w.(100 0.2 093 077 014 137 095
< UFH)
Lightw.
Dry geavy 02 094 085 019 137 098

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 Pl-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.

72



S 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

Spatial
Building type and System and  Control . Losses, variation
climate Heating curve type Efficiency,- % of temp.
K

0 70/55 °C P 0.94 6.95 0.60
2 Tallinn 45/35 °C P 0.94 6.19 0.54
< 45/35 °C PI 0.96 4.14 0.36
3 70/55 °C P 0.89 11.96 0.76
B Munich 45/35 °C P 0.90 10.99 0.70
A 45/35 °C Pl 0.95 5.63 0.37
70/55 °C P 0.92 9.22 0.53
E Tallinn 45/35 °C P 0.91 9.63 0.56
£:5 45/35 °C PI 0.94 6.29 0.37
g3 70/55 °C P 0.90 11.40 0.52
< Munich 45/35 °C P 0.90 10.96 0.50
45/35 °C PI 0.93 7.25 0.34
35&%C on-off 0.88 13.81 1.18

Tallinn (wet- 35/28 °C
system). (MF) PI 0.94 6.60 0.50
Lightweight =2 0o SG) onoff 084 1960 167
35/28°C(SG)  PI 0.92 9.08 0.84
PMp omoff 087 1504 086

Tallinn (wet- 35/28 °C
system). (MF) PI 0.97 2.62 0.25
x Heavyweight =270 CcESG)  on-off 0.79 2727 1.55
5 35/28°C(SG)  PI 0.89 12.55 0.72

BREC o off 084 1943

. (MF) 1.22

Munich (wet- 35/28 °C

system). PI 0.90 10.50

Lightweight (MF) 0.67
EMWEIENt 73528 °C (SG)  on-off 0.79 27.06 1.69
3528 °C(SG)  PI 0.88 13.26 0.84

. 35/28 °C
Munich (wet- (MF) on-off 0.82 21.72 0.97

system). 35/28 °C
Heavyweight (MF) PI 0.96 4.06 020

*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:

e 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.

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

e 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.

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

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

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

e 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.

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

e 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 AT 50 °C increased to about 10% higher heat
output at AT 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 wvalues 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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KOKKUVOTE

Ajalooliselt on kiittesiisteemi kadudele vihe rohku pooratud, kuna hoone soojus-
kadude vdhendamine soojustamise teel annab oluliselt suuremat energiasadstu.
Kiittesiisteemi kadusid ei ole piisavalt uuritud, vaid {tksikud teaduslikud
uurimustood keskenduvad kiittesiisteemi viljastamise ja jaotamise kadudele.
Madala energiatarbega hooned on aga iildist olukorda oluliselt muutnud. Euroo-
pa Liidu poolt piistitatud ambitsioonikad energiasédstu eesmérgid sunnivad aga
jarjest enam rohku podrama energiatShusa hoone karbi korval ka tehno-
stisteemidele ja ventilatsiooni kdrval ka kiittesiisteemidele. Kogu Euroopa Liit
liigub liginullenergiahoonete poole ja seniste uuringute véhesus tekitas huvi
uurida vastavat ala ja kirjutada viitekiri kiitteslisteemi efektiivsust mdjutavatest
teguritest madala energiatarbega eluhoonetes.

Viitekirjas uuritakse madala energiatarbega hoone kiittesiisteemi véljastamise ja
jaotamise kadusid ja ka soojuse tootmise efektiivsust soojuspump-Kkiittesiistee-
mide korral. T66 pohineb simulatsioonidel, kus detailse diinaamilise simulat-
sioonimudeli abil modelleeritakse viljastamise ja jaotamise kadusid eramajale ja
kortermajale kahes erinevas kliimas (kaasates nii Pohja- kui ka Kesk-Euroopa).
Mudeli erakordsust rdhutab kiittesiisteemi komponentide detailsus, mis sisaldab
ka kiittesiisteemi jaotustorustikku.

Uheks oluliseks viitekirja eesmirgiks oli anda sisend CENi standardile
EN 15316-2-1, mis kirjutamise hetkel on uuendusfaasis. Kehtivas standardis on
peamine tdhelepanu kdrgetemperatuurilistel kiittesiisteemidel, kuid madalatem-
peratuurilistele kiittesiisteemidele ja madala energiatarbega hoonetele pole
pooratud piisavat tdhelepanu. Uldiselt madalatemperatuuriliste soojusviljastus-
siisteemide kaod on madalamad kui traditsioonilistel kdrgetemperatuurilistel
kiittestiisteemidel.

Erinevate soovituslike jaotus- ja véljastuskadude korval testisime ka uut ldhe-
nemist, millega leidsime korrektsioonitegurid, et votta arvesse operatiivne
temperatuur erinevate soojusviljastussiisteemide vordlemisel. Operatiivne, s.t
inimese tunnetuslik temperatuur, vdimaldab sama soojusliku mugavuse juures
vorrelda pdrand- ja radiaatorkiittesiisteemi. Operatiivset temperatuuri kasutades
tuleks radiaatorkiittesiisteemi korral tdsta dhutemperatuuri 0,2-0,3 K, et saavu-
tada porandkiittega vordne tunnetuslik temperatuur.

Téiendavalt vorreldi paralleelse ja jadamisi kiittepinnaga radiaatorite
energiatShusust ning analiiiisiti soojuspumba efektiivsust radiaatorkiittesiisteemi
korral. Uuringus vorreldi sama suuruse ja tiiiibiga paralleelse ja jadamisi kiitte-
pinnaga radiaatoreid EN 422-2 testruumis, et analiilisida vdimalikku soojus-
viljastuse erinevust ja energiasddstu jadamisi iihendatud kiittepindadega radiaa-
toritega. Testi ja simulatsiooni tulemusel leiti, et radiaatoritel puudub oluline
erinevus.

Uks vdimalus tagada ELi ambitsioonikaid eesmirke on toota soojusenergiat
efektiivsemalt. T66s uuriti soojuspumba kiitteperioodi keskmist soojustegurit
radiaatorkiittesiisteemi korral, kus vorreldes pdrandakiittega on suurem tempera-
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tuurilang ja tagastuva vee temperatuur on madalam vorreldes pdrandkiitte-
siisteemiga. Kahjuks enamik kasutatavaid soojuspumba mudeleid omab mitmeid
lihtsustusi ning ei arvesta madalamast tagasivoolutemperatuurist saadavat
korgemat soojuspumba soojustegurit. Vordlesime soojuspumba aasta keskmist
soojustegurit kolmel wiisil: analiiiitiline l&henemine, IDA-ESBO standard
mudeliga simulatsioon ja korrelatsioonivalemite abil tuletatud soojustegur, mis
tuletati laborimddtmistulemuste abil. Arvutused nditavad, et laborikatsete abil
tuletatud korrelatsioonivalemid annavad keskmiselt 9% korgema aasta keskmise
soojusteguri.

Lopetuseks, véitekiri annab hea ja pdhjaliku {ilevaate koos soovitustega, mis
voimaldavad tdsta kiittesiisteemi jaotuse ja véljastamise efektiivsust ning seeldbi
tdsta hoone energiatdhusust ilma jareleandmisteta soojuslikus mugavuses.
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Low and nearly zero energy buildings with decreased heating need can utilize low temperature heat-
ing systems for energy efficient heating. Distribution and emission losses for low temperature radiator
heating cannot be found from European standards or scientific literature. The use of the losses of conven-
tional systems can result in significant overestimation of heating energy use. In this paper, distribution
and emission losses of low temperature and conventional radiator heating system were determined in
North and Central Europe climates for low energy detached houses and apartment buildings. Detailed
dynamic components of heating system in the whole building energy simulation model allowed to quan-
tify these losses. Main findings of the study show that distribution losses can be controlled with low
temperature heating curves and emission losses with PI type thermostats. For conventional systems the
losses higher than 50% of heating need were calculated in the apartment building. With low temperature
heating curve, PI thermostats and limited heating period distribution and emission losses were possible
to keep below 1% in detached houses in both climates. In apartment buildings the minimal achievable
losses were significantly higher, between 6 and 12% in North and Central European climates, respectively.
Proportional thermostats add 2 to 6% to these losses. Based on results, heating curve of 45/35°C can be
recommended for detached houses and even 40/30°C for apartment buildings. Insulating distribution
and connection pipes in heated spaces proved to have no practical effect on heat losses. Compared to
EN 15316-2-1:2007, the losses were significantly lower especially for low temperature heating curves.
A new set of tabulated values is proposed for the revision of the standard. It was possible to explain the
mechanism of losses, but still it was not possible to calculate losses from hourly energy need data with the
correlation equation leading to overestimation by factor of about 10 compared to dynamic simulation.
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1. Introduction General movement towards low-energy and nZEB, required by
EPBD recast 2010/31/EU [7] has created new challenge for heating
systems. Heating need obviously decrease, the control and system

losses are stressed compared to existing buildings with higher heat-

Widely used space heating systems in European buildings are
radiator and floor heating or their combinations. These systems

have shown performance complying with the highest indoor cli-
mate category thermal comfort specification [1] according to EN
15251:2007 [2]. In the EU, buildings account for 40% of the total
primary energy use and residential buildings accounted in 2000
25.9% of final energy use [3]. Within buildings themselves, the pro-
portion of energy allocated to space heating is 57% when averaged
through [3]; 60% in UK [4] and even 62% in Estonia apartment build-
ings and 70% in dwellings [5,6]. Compared to existing housing stock
the share of space heating energy use from total delivered energy
(space heating; supply air heating; domestic hot water; cooling;
fans and pumps; lighting and appliances) is 25% in nZEB detached
houses and 12% in apartment buildings in northern climate [1].
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E-mail addresses: mikk.maivel@ttu.ee, mikkmaivel@gmail.com (M. Maivel).

0378-7788/$ - see front matter © 2013 Elsevier B.V. All rights reserved.
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ing energy need. According to EN 15316-1:2007 [8] heating system
can be divided into four main parts: generation, storage, distribu-
tion and emission, and all these parts have losses. In this paper we
focus on distribution and emission losses, generation and storage
losses are not studied. A heat generation loss (i.e. boiler efficiency)
has been previously extensively studied in the product develop-
ment as well as in scientific studies. Some examples of these studies
have found that it is possible to save energy up to 20% by improving
boiler control [9] or up to 15% by changing conventional boiler to
condensing boiler [10]. Generation losses are described with calcu-
lation equations and tabulated values in standards 15316-4-1:2007
[11]; 15316-4-2:2007 [12]; 15316-4-3:2007 [13]; 15316-4-4:2007
[14]; 15316-4-5:2007 [15]; 15316-4-6:2007 [16] and 15316-4-
7:2007 [17].

Distribution and emission losses have not been widely studied.
The reference study of 15316 [18] reports tabulated values for
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List of nomenclature

nZEB nearly zero energy building

EU European Union

UK United Kingdom

EPBD Energy Performance of Buildings Directive

IDAICE IDA Indoor Climate and Energy
TRY Test Reference Year

PI proportional integral

P proportional

Ideal simulation case without heating system losses
Det45 detailed heating system with heating curve 45/35°C
Det70  detailed heating system with heating curve 70/55°C
D distribution pipe

DC distribution and connection pipe

distribution and emission losses of 15% for heating curves 55/45 °C
and 19% for 70/55°C in residential dwelling radiator heating sys-
tem in Brussels. For low temperature heating systems we were not
able to find any reference. A very old study [19] reports additional
emission loss up to 5% of the heat emission of radiator 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 calculation, because of
dynamic heat gain utilization process and not constant flow rates
in the pipes. Emission losses depend on flow temperatures and
heat output of radiator in addition to wall insulation and need also
dynamic treatment. Until now, building energy simulation tools do
not typically support the detailed modeling of the heating system
with pipework, thermostats and radiators all with continuously
changing flow rates and temperatures.

In this study we modeled the building and full heating sys-
tem with special pump, pipe, valve, controller and radiator models
in order to be able to run dynamic simulation of distribution
and emission losses including all flow and heat transfer effects.
This is arguably the most detailed radiator heating system mod-
eling attempt ever been done in a building energy simulation
tool. Conventional and low temperature radiator heating system
was modeled in Estonian reference detached house and apartment
building which were run with Estonian and German climate. Con-
stant speed and constant pressure pump control was used to have
realistic flow control. Most of simulations were done with PI con-
trolled thermostatic valves, which provide de-facto ideal control
and help to distinguish distribution losses. To show the effect of
control losses of typical radiator thermostats, some cases were run
with P controllers. As a result, we were able to quantify distribu-
tion, emission and control losses in two climates (North and Central
European) for low energy houses and apartment buildings with
conventional and low temperature heating curves. One objective
of the study, in addition to scientific ones, was to provide input for
the revision of 15316 standards, which is one task of the prepa-
ration of second generation EPBD standards, to be completed due
2015. With the data provided, the revised standard can cover low
temperature heating systems, which are especially suitable for low
energy and nearly zero energy buildings.

2. Methods
2.1. (lassification of thermal losses of heating system

The main parts of a heating system, generation, storage,
distribution and emission, all have some losses. According to

15316-2-3:2007 [20], distribution losses consist of system thermal
losses and auxiliary losses (pumping energy etc.). Emission losses
consist of heat loss due to non-uniform temperature distribution,
heat loss due to heat emitter position and heat loss due to control
indoor temperature are studied. Emission losses are described and
tabulated values can be found in 15316-2-1:2007 [21].

All thermal losses are divided to recoverable and non-
recoverable losses according to 15316:2007. The distribution losses
caused by pipes in 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. Since 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 loss caused by the heat emitter (radi-
ator) position is the additional back-wall loss through the external
wall behind the radiator (compared to the heat loss through the
same external wall without radiator) and the control loss is caused
by thermostatic valve type controller.

The losses are defined as additional loss to space heating energy
need in %. The efficiency n is the reciprocal value, i.e. the energy use
with losses can be calculated as 1/n. All losses in series or parallel
can be calculated as additional loss for the system in % or as the
total system efficiency. If losses are in the series, the subsystem
efficiencies may be calculated and the total systems efficiency is
calculated by Eq. (1):

Ntot = Nemission X Ndistribution X "storage X Ngeneration (1)

where nemission iS emission efficiency; ng;stribution iS distribution effi-
Ciency; Nstorage is storage efficiency and ngeneration is heat generation
efficiency, calculation rules can be found in 15316:2007 standard
or sub-standards.

For example, if the heating energy need in a room is
100 kW h, emission losses 10 kW h and distribution losses 15 kW h,
the Nemission = 100/110=0.909 and Ndistribution = 1 10/125=0.88. The
total efficiency is 0.909-0.88 = 0.8, which can be calculated also as
100/125=0.8. Emission efficiency, depending on parallel compo-
nents, can be calculated with 15316-2-1:2007 by Eq. (2):

1
4 — (Mstratification + Ncontrol + Nembedded )

(2)

Temission =

where n¢ontror iS the part efficiency level for room temperature con-
trol; Nempedded 1S the part efficiency level for specific losses of the
external components (embedded systems) and 7g;atification 1S Strat-
ification efficiency it is the part efficiency level for a vertical air
temperature profile (non-uniform temperature), it is calculated by
Eq. (3):

1+ Nstr2
Tstratification = M (3)

Stratification is influenced by:

e over-temperature (7sq) that is neglected in this study, but ana-
lyzed in the discussion

o Specific heat loss via external components (7si2 ), (e.g. additional
heat loss from back-wall of radiator), simulation model consider
it.

2.2. Simulation model

Analyzed detached house represents a typical recently built
detached house; the building has been used as a reference building
in Estonian cost optimal calculations [ 1]. By small changes the same
house was modified to describe a multi-story apartment build-
ing. External wall in one end of the building were made adiabatic,
which means that the model unit represents one apartment of a
long building, Figs. 1 and 2. Similarly, the external roof was change
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Fig. 1. Estonian reference detached house in the left, and in the right the house transferred to describe an apartment building (white envelope elements are adiabatic).

to adiabatic, which means that the building will continue upwards.
In the transformation from detached house to apartment building,
the technical space and one small window on the top left in Fig. 2
were “lost”—as the apartment building is more compact. All other

Table 1
Basic data of the building.
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1st. floor
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=
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Fig. 2. Location of zones and heating system in analyzed modes.

and connection pipe (@ 12mm: collector connection
mm

geometry of a house unit remained the same in the transformation.

Main technical data for both buildings are shown in Table 1.
Room set-point temperature of 21°C has been used in all

zones/rooms. Heating system supply water temperature is outdoor

Detached house

Apartment building

U-value (W/(m?K))

Ventilation

Internal gains

Heating power need

Gross heating energy
need

Exterior wall

Roof

Ground floor

Windows (g=0.5)

Specific heat loss
coefficient H/Ane

(W/(m? K))

Ventilation (continuous)
rate L/(sm?)

Leakage rate gso m?/(hm?)

Occupants
Lighting
Equipment

Tallinn
Munich

Tallinn

Munich

Usage (max=1)
0.6
0.1
0.6

Heat from ventilation heat recovery
Heat from internal and solar heat gains
Heat from heating system

Heat from ventilation heat recovery
Heat from internal and solar heat gains
Heat from heating system

0.17 (lightweight)
0.14 (lightweight)
0.17

0.8

0.58

0.46

0.6

W/m?

2

8

24

W/m?

Average 29.9 (15.9...49.1)
Average 23.9 (11...39.5)
kW h/m?

55

59

46

45

61

31

0.17 (heavyweight)
0.14 (heavyweight)
0.17

0.8

0.44

0.56

0.6

W/m?

3

8

3

W/m?

Average 22 (7.8...31.8)
Average 154 (6.3...25.9)
kW h/m?

69

70

26

57

72

16
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air temperature compensated i.e. the supply water temperature
increases as the outdoor temperature decreases. Most common
conventional heating curves as well as low heating curves were
studied (70/55°C(70is a supply water temperature and 55 is return
water temperature at design outdoor temperature); 45/35°C;
40/30°Cand 35/28 °C). Simulated heating system was not balanced,
all valve bodies used were in fully open position and the system
was controlled with radiator thermostatic valves. In the detached
house model, cooling system was not used, but in the apartment
building model, ideal coolers were used because of more signif-
icant internal gains with cooling set point temperature of 25°C.
Ideal cooler and heater are standard models from IDA-ICE library
and they are imaginary equipment which describe heating or cool-
ing need without system losses. 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 follows the Estonian regulation of
minimum requirements for energy performance [22].

Table 1 Basic data of the building. All calculations were done
with dynamic simulation software IDA-ICE 4.5 [23]. This tool is
carefully validated and has advanced features for detailed building
energy simulations [24]. Two test reference years were used for out-
door climate, Estonian TRY and which describes typical climate for
Tallinn and applies also the rest of Estonia [25] and Munich [26]).
Multi-zone models (each room is a different zone) were used as
shownin Fig. 2. Internal heat gains (lighting, equipment, occupants)
for zones and thermal bridges where all chosen from Estonian reg-
ulation of minimum requirements for energy performance [22]
(Table 1).

Two pipe radiator heating system is used. To report heat losses
from pipes we have defined connection and distribution pipes as
follows. Distribution pipes are pipes which don’t serve the room
where they are located (i.e. distribution pipes aren’t connected with
room radiators, Fig. 3. Then the distribution pipe enters to the last
room, it changes 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). For analyzing insulation effect several calculations
were carried out: pipes were not insulated, distribution pipes were
insulated or all pipes were insulated.

The system has one circulation pump which either has constant
pressure control or constant speed control. In constant speed mode,
the system has a small bypass between manifolds (a pipe with
diameter of 0.0001 m and length 1 m). Bypass was necessary to run
simulations for spring-summer period when radiator thermostatic
valves are often closed.

2.3. Heating system dynamic component models

2.3.1. Ideal heating system

Ideal heating system was used for the reference simulations
without any emission and distribution losses. It consists of ideal
heaters in all rooms which have no defined physical location, but
are described with convection and radiation heat output fraction.
Power is calculated by the simple Eq. (4):

Q = C x Qmax (4)

where Qmax is maximum power of the unit (W); Cis the control
signal of the unit (it is controlled by PI-controller and takes input
from zone air temperature). Ideal heater is controlled by PI con-
troller, where control losses are minimal or de-facto not existing
[27].

2.3.2. Dynamic detailed radiator model
In the case of the standard radiator of IDA-ICE, it 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 [23]. We used a detailed radiator
model which has a thermal mass. Heat balance of the water side is
calculated by equation:

P = gm x Ciig(Tin — Tout) (5)

where Pis a heat flux from the water (W); qm is water mass flow
(kg/s); Ciiq is a specific heat of water (J/kg°C); Tj, is a water inlet
temperature to the radiator (°C); Toy is @ water outlet temperature
from the radiator (°C).

The total heat generated by the radiator is modeled by the equa-
tion:

P=K xIxdT" (6)

where Kis a power law coefficient which depends on the width and
type of the radiator (W/(m°C); lis a length of the radiator (m); dT is
logarithmic temperature difference between the water and the air
(°Q).

The total heat balance for the radiator is written by the Eq (7):

P = Qgront + Qeonv + Quall (7)

where Qo 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); Quay is
heat transfer between the back side of the unit and the facing zone
surface (W).

Heat storage which is caused by the thermal mass is calculated
by the following Eq. (8):

drT,
i = Qg ~ Quir (8)

Mpag X Cliq X

where my,q is a mass of water inside the radiator (kg); Gq specific
heat of water (J/kgK); dTg, radiator surface temperature (°C); dt
is a time (s); Qjiq is a heat flux water to surface (W); Qg is a heat
flux from the radiator surface to the zone/room (W).

Radiator control loop is a standard model with PI or P control
in our simulations. In [26] radiator thermostat (P-controller with
hysteresis) was compared with ideal P control and the differences
reported have been minimal. 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).

2.4. Pipe model

For detailed calculations a special pipe model was used (not
included in standard IDA-ICE model library). The pipe model pro-
vided possibility model 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 surfaces installation has roughly the same heat emissions as
embedded installation in protective sleeve (not insulated) as a rule
of thumb. Heat emissions of pipes were calculated by Eq. (9):

Qamb = g % Ciig(tin — tout) 9

where Q. is a heat flux from the pipe (W) to the ambient; q is
a massflow (kg/s); Gjiq is a specific heat of water (J/kgK)); ti, is a
water inlet temperature (K) and toy¢ is a water outlet temperature
(K). Outlet temperature depends on pipe length, pipe diameter and
insulation. Heat flux from pipes can be calculated with logaritmic
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— distribution pipe
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(const.pressure or | manifold Zone N1..N4

const. speed)

Fig. 3. Scheme of the heating system. Two last zones are shown to explain the definition of connection and distribution pipes used in heat loss reporting.

temperature difference between pipe inner temperature and
ambient temperature, by Eq. (10).

Qamb (10)

Atjgg = — 2
log Uwan x 7T % din x 1

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

1 1 dou[

—— =R==———1In
Uwall 2X T XA din

1 (11)

+ 035 3
Tdour(1-21(At/dyi) ) +40(AL/2) /(1 + (€1 x At /€2 x A2)(1 - €2))

where At is temperature difference between mean air and pipe
(°C); 0=5.67 x 108 W/m2 K* is radiation heat transfer coeficent;
&1is pipe surface emissivity; ¢, is surrounding surface emissivity;
dout pipe out diameter mm; dj, pipe inner diameter mm; A thermal
conductivity W/(mK).

The calculation with pipework means that all radiators receive
somewhat lower temperature than that from the boiler.

2.5. Circulation pump model

Two types of control—constant pressure and constant speed
control of the pump, was used (Fig. 4). Pipe model calculate pressure
drop and valves/thermostats also generate pressure drops. Because
of single losses (losses which are caused of branch, valves etc.) of
the pipework were neglected (have no effect on simulated heat

——Constant pressure pump
| —Constantspeed pump

Head -H (m)
o
w
W

e
W

0.25

0.2
0 0.2 0.4 0.6 0.8 1 1.2 1.4 1.6

Flow rate- Q (m*/h)

Fig. 4. Circulation pump operation curves for constant pressure and constant speed
control.

emissions), 3000 Pa constant pressure head was enough for the
system. Hand-made sizing calculation at design outdoor temper-
ature showed that circulation pump pressure head of 3000 Pa was
enough 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 Fig. 4 was used.

3. Results
3.1. Heating need and the sizing of the system

Because the radiators have real dimensions in the used models
and heat output depends on dimensioning, about 15% oversizing
was done (i.e. radiators heat outputs were selected so that all radia-
tors were oversized by 15% at design outdoor temperature). In first
step for both buildings and climates heat loss calculations were
made with design outdoor temperature and with no internal heat
gains. Design outdoor temeprature —22 °C was used for Tallinn and
—15°C for Munich. In typical bedrooms Type 21 radiators (2 plate
radiator with one convection fin element) with height of 400 mm
and width of windows provided required heat outputs with heating
curve 45/35 in detached house and 40/30 in apartment building.

Heating curves were outdoor air compensated theoretical
curves calculated with radiator exponent 1.28 as shown in Fig. 5.
The return temperature depends also on the flow rate affecting heat
carrier cooling in the system. Fig. 6 shows duration curves of flow
and return temperatures from ideal boiler and in one last zone in
the 2nd floor (heating curve 45/35°C). Flow temperature in the
last radiator is significantly lower due to temperature drop in the
system (total length of the pipe network was 135.8 m).

3.2. Results of one basic low temperature calculation case

To show the level of detail of simulation and the logic of main
results one of the main calculation cases of detached house Det45-
PI (detailed heating system with heating curve 45/35°C with PI
controller) with Estonian climate is reported in comprehensice
manner in the following. Calculation time step is determined by
the tool, but the hourly output is used. As simulations in IDA-ICE
are made with real calculated room temepratures, effects of poor
control or internal gains can be easily seen as elevated room tem-
peratures. Radiator heat emissions fluctuate a lot during the year.
While thermostatic valve is closed, heat output is close to 0W and
heat outputs close to designed values can be reached for limited
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Fig. 5. Heating curves of the full year heating period and limited heating period for
heating curve 45/35°C.

periods when the valves are fully open; the heat output duration
curves for all radiators are shown in Fig. 7.

Results show that about 20% of heat emissions to the room are
emitted by pipes in a low-temperature heating system (Fig. 8).

It canbe seenin Fig. 7 that there is almost no heating need almost
half of the year, corresponding to the balance point temperature of
11°C in detached house and 9°C in apartment building (balance
point temperature was the outdoor temperature at which all ther-
mostatic valves were fully closed, indicating that there is no heating
need). The balance point temperature was used to construct the
limited heating period curve shown in Fig. 5.

3.3. Emission 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 [28]), the real room temperature will vary according to
the control type and variations in the gains, (Fig. 9). We studied

44
42
40
38
36
34
32
30
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20

—Supply temp.
—Return temp.

-Supply temp. Bedroom 2
—Return temp. Bedroom 2

water temperature °C
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Time %

Fig. 6. Flow and return temperature duration curves in boiler and in one last zone
(Bedroom 2).
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Fig. 7. D-Det45-PI radiator heat emission duration curve in all rooms.

P controller with a proportional band of 2 °C describing a typical
radiator thermostat and 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.

Because of overheating phenomena of P controller (caused by
the flow rate of 50% at temperature set-point) simulations were
made to find out the P-controller set-point temperature giving
equal thermal comfort compared to PI controller. The set-point
of P-controller affected the boiler output. The results show that
the set-point could be dropped with P-controller to keep the same
room temperature as with PI controller. The set point of 20.5 °C with
P-controller ensured air temperature at least 21 °C during severe
winter as well as spring conditions as shown in Fig. 10. Therefore
the realistic control losses are decreased from 13% with set-point
of 21°Cto 3.3%, Table 2. The summary of control losses is provided
in Table 2.

Summary of control losses with nP and PI controller. Another
components in emission losses are caused by stratification (ver-
tical temperature gradient and additional heat loss throught the
external wall behind the radiator). For the loss due to vertical
temperature profile 15316-2-1:2007 tabulated value gives the effi-
ciency of 0.95 (for heating curve 55/45°C). However, there is
evidence that these losses due non-uniform temperature may be
neglected in mechanically ventilated low energy buildings, because
of mixing caused by the supply airflow resulting in very small ver-
tical temperature gradient. The vertical temperature difference of
0.7°C in 2.5m high room was reported in [29]. We used the data
reported to calculate the average room air temperature when air
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Fig. 8. Ratio of heat emissions to the zones.
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Fig. 10. Comparison of room mean air temperature by P controller (set-point of 20.5 °C (left)) and PI controller (with set point of 21 °C (right)).

temperature at 0.6 m height is 21 °C. The data shown in Fig. 11 [29]
resulted in the average room air temperature of 21.05 °C that cor-
responds to the loss of 0.60% (efficiency of 0.994) according to our
calculations.

Table 2
Summary of control losses with n P and PI controller.

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

Mode Climate Simulation case P-controller (set point 20.5°C) P-controller (set point 21°C) Pl-controller (set point 21°C)
Control Control Control Control Control Control
losses (%) efficiency losses (%) efficiency (1) losses (%) efficiency (1)
Apartment Tallinn Det45 3.34 0.968 12.99 0.885 0.00 1.000
building Det70 3.99 0.962 18.22 0.846 0.00 1.000
Munich Det45 3.72 0.964 15.44 0.866 0.00 1.000
Det70 4.40 0.958 16.10 0.861 0.00 1.000
Detached Tallinn Det45 2.05 0.980 8.61 0.921 0.00 1.000
house Det70 2.81 0.973 8.70 0.920 0.00 1.000
Munich Det45 5.28 0.950 13.43 0.882 0.00 1.000
Det70 6.24 0.941 13.43 0.882 0.00 1.000
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Fig. 11. Temperature gradient data reported in [29] resulting in the average room
air temperature of 21.05°C.

was possible, as IDA-ICE generates special wall element behind
the radiator with the dimensions of the radiator. Temperature
level (heating curve) had smaller effect on the emission loss than
the radiator size, because the loss was slightly smaller with con-
ventional heating curve, because of the smaller size of radiators.
Additional emission heat losses from the back side of the radiator
were between 0.2 and 0.25% with heating curves studied, which
gives the emission efficiency of about 0.998.

Based on the results of control (in Table 2) and stratification
efficiencies (0.994 and 0.998) total emission efficiency can be cal-
culated with Eqs. (2) and (3). Stratification losses add 0.4% to control
losses and total emission losses become 0.4% (efficiency of 0.996)
with PI controller and in between 2.6 and 6.5% (efficiency 0.975-
0.939) with P controller.

3.4. Non-recoverable distribution and emission losses

3.4.1. Circulation pump control and insulation of the pipes

Three insulation levels of the distribution and connection pipes
were analyzed. The cases, where only distribution pipes were insu-
lated with insulation thickness of 40 mm are marked with letter
(D) as “distribution”. Another case was with distribution pipes with
insulation thickness of 40 mm and connection pipes with insulation
thickness of 20 mm, marked with (DC). The 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, Table 3. The results show that the
losses are somewhat reduced with insulated pipes in the case of
70/55 °C heating curve. With 45/35 °C heating curve, the insulation
has no practical effect. To test the model we run some simulations
also with 100 mm insulation, which provided better effect, but was
still not able to cut distribution losses. Periodic operation, i.e. ther-
mostats closed for a long time in spring and autumn, reduced the
expected effect of insulation.

Effect of insulation with constant speed and constant pressure
pump control on distribution and emission efficiency in Estonian

----- 45/35 - Munich

— - =70/55 - Munich
——Ideal heater Munich
----- 43/35 - Tallinn
—-=70/55 - Tallinn
——Ideal heater - Tallinn

Fig.12. Monthly delivered space heating energy in Munich and Tallinn in apartment
building.

climate. All cases have PI controller. With constant speed circula-
tion pump control, the higher losses occur specially during warmer
months indicating higher heat emissions from pipes and worse
utilisation of internal gains, (Table 3).

3.4.2. Climate impact on the heating system efficiency

The main simulation cases were run with Tallinn and Munich cli-
mate (radiators sized accordingly) to show the effect of the climate.
Results are shown in Fig. 12.

In Munich distribution and emission losses are somewhat higher
than in Tallinn. The building type and the heating curve have more
impact on the losses than does the climate difference. The most cru-
cial difference is between apartment building and detached house.
Monthly values of delivered space heating energy are shown in
Fig. 12 for the apartment building in both climates. It can be seen
that there is no heating need during the summer, but the simu-
lations have been run since now with all year round circulation
pump and boiler operation. This explains significant losses in sum-
mer caused by pipe heat emissions (radiator emissions were close
to zero. because of closed thermostat valves).

3.4.3. Impact of the heating period length and heating curve on
system efficiency

Since now, all the simulations have been done with full year
heating period. As the results in Table 4 indicate, that the shorter
heating period my reduce losses, the simulations were done with
shorter heating period (heating curve shown in Fig. 5). The length
of limited heating period was in Tallinn 35 weeks and 32 weeks in
detached house and apartment building and in Munich 32 and 28
weeks, respectively. The results show significantly reduced losses.
As additional measure to reduce losses we simulated 40/30°C heat-
ing curve. The results in Table 4 show that limited heating period
decreased the losses in apartment building to 8.9% and in the
detached house to 1% in Tallinn. With 40/30°C heating curve, the
losses of 6.3% in Tallinn and 12.4% in Munich were achieved in the
apartment building.

Impact of heating period length on distribution and emission
losses. As 40/30°C heating curve showed significant effect in the
apartment building, we simulated also a typical floor heating curve
35/28°C for Tallinn, but the effect was minimal. Full year heating
period may be relevant especially in houses as provides some pos-
sibilities to apply floor heating in wet rooms also in summer time.
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Table 3

Effect of insulation with constant speed and constant pressure pump control on distribution and emission efficiency in Estonian climate. All cases have PI controller.
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Mode

Simulation case

Const. pressure pump

Const. speed pump

Distribution and
emission losses (%)

Distribution and
emission efficiency (1)

Distribution and

emission losses (%)

Distribution and
emission efficiency (1)

Ideal
Det45
Det-45-D
Det-45-DC
Det-70
Det70-D
Det70-DC
Ideal
Det45
Det-45-D
Det-45-DC
Det-70
Det70-D
Det70-DC

Apartment building

Detached house

0.00
12.09
11.89
11.25
36.82
32.72
29.19

0.00

1.63

1.63

1.57

7.16

6.61

6.15

1.000
0.892
0.894
0.899
0.731
0.753
0.774
1.000
0.984
0.984
0.985
0.933
0.938
0.942

14.80
14.37
13.58
44.71
39.66
35.21

1.98
220
2.20
9.52
8.83
8.83

0.871
0.874
0.880
0.691
0.716
0.740

0.981
0.978
0.979
0913
0.919
0.919

Table 4
Impact of heating period length on distribution and emission losses.

Mode Climate Simulation case Full year heating period Limited heating period
Distribution and Distribution and Distribution and Distribution and
emission losses. % emission efficiency. emission losses. % emission efficiency. n
Apartment Tallinn Ideal 0.00 1.000 0.00 1.000
Det40-PI 8.06 0.925 6.33 0.941
Det45-PI 14.80 0.871 8.85 0.919
Det70-PI 36.82 0.731 24,51 0.803
Munich Ideal 0.00 1.000 0.00 1.000
Det40-PI 15.55 0.865 12.38 0.890
Det45-PI 22.89 0.814 16.50 0.858
Det70-PI 55.75 0.642 44.75 0.691
Detached house Tallinn Ideal 0.00 1.000 0.00 1.000
Det40-PI 1.61 0.984 0.35 0.997
Det45-PI 1.63 0.984 0.96 0.991
Det70-PI 7.16 0.933 4.35 0.958
Munich Ideal 0.00 1.000 0.00 1.000
Det40-PI 3.69 0.964 0.42 0.996
Det45-PI 6.04 0.943 1.39 0.986
Det70-PI 15.06 0.869 7.18 0.933

However, with used heating curves going down to 21 °C the floor
heating capacity is very limited in the summer.

4. Discussion
4.1. Recoverable losses

The results reported in previous sections show the importance
to control the heating system losses. System efficiencies were gen-
erally lower in warmer climates and buildings with smaller heating
need and higher internal gains. In addition to non-recoverable
losses, described in Section 3, recoverable system losses may be
also quantified. They are part of the system thermal losses which
have beenrecovered to decrease the energy use for heating. Accord-
ing to CEN standard recoverable losses are all pipe heat emission in
heated rooms, but we used more accurate allocation. 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 in Fig. 17
shows that as much as 40% of delivered heat is uncontrolled and
emitted to room by distribution network.

4.2. Explanation of high losses with conventional heating curve

Results showed that distribution losses are significantly
dependent on the heating curve. With the conventional 70/55°C

curve, it was not possible to control losses; insulation of distribu-
tion and connection pipes had some effect (Table 3), but may be
considered as without practical meaning. We were able to identify
two reasons for high losses. First, with high temperature heating
curve, average room temperature is slightly elevated, this can be
seen from extract air temperature shown in Fig. 13. Secondly the

34
o 32 —D-45-Tallinn
£ 30 —D-70-Tallinn
g ~——A-45-Munich
g 28
= — A-70-Munich
< 4
g 26
=
3 -
- 4
S 24
Z
22
20

0 10 20 30 40 50 60 70 80 90 100
Time %

Fig. 13. AHU extract air temperature duration curve (A is apartment building (with
cooling); D is detached building).
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Fig. 14. Duration curve of the boiler mass-flow for case D-45-Det.

highest heat emissions compared to Ideal cases occurred during
the warmer months, which can be seen from Fig. 12. This indicates
in addition to the lower utilization that some flow rate through
the closed valves may play some role. As we used the model of
real valves, a small amount of heat carrier circulated through the
closed valves in the system and caused some distribution loss.
When design flow rate was 0.12 kg/s, results show very small flow
rates during 50% of the time, Fig. 14. Duration curve of the flow
rate also shows some challenge for the generation, which has to
be able to manage with very low, say about 30% of design value,
flow rates. Conventional heat pumps typically have minimal flow
rates of about 2/3 of the nominal flow rate and therefore need to
be operated with significant bypass flow.

4.3. Fundamentals of distribution losses

Results show that emission losses were minimal if PI control
was used. To explain the distribution losses we analysed eight main
cases were for apartment/detached house. Tallinn/Munich climate
and 45/35°C and 70/55°C heating curves. We were able to find
a strong positive correlation (R? factor nearly 1) between hourly
distribution losses and ratio of @ipe/®Preed, Fig. 15. The ratio of
Dpipe/ Preed Shows the amount of heating need covered by heat
emission from pipes.

The correlation equations did not give the same annual losses as
a sum of simulated hourly values. The reason was in the lower part
of the correlation line (even negative losses, because of dynamic
effects). We shifted the starting point slightly (i.e. the constant in
the equation) which did not cause significant change to R? value,
but provided the agreement between the equation and hourly val-
ues not worse than 5%. It can be seen that the correlation equations

400
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R2=0,9862

Distributionloss %

25
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Distribution loss %
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300 Hﬂ ﬂl 1\“ ”‘ W
200 w N }Mﬁ |i
100 I 'J\ ;M’[
0 ﬂwlmﬂ‘w "m }‘(
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Fig. 16. Comparison of hand calculation o pipe heat emission with dynamic simu-
lation for the case of detached house 45/35 °C in Tallinn.

are heating curve specific. The equation y =170x — 40 (where y is
distribution loss (%) and x is ratio of @pjpe/®Pneeq) represents the
average for 45/35°C cases and y =150x — 70 for 70 °C/55 °C cases.

The availability of this type of equations calls for the “hand calcu-
lation” of losses. Hourly energy need can be easily calculated with
any simulation or simplified hourly tool. Pipe heat emissions are
possible to calculate from theoretical heating curve flow and return
temperatures, however the effects of cooling and fluctuating flow
rates are not easy to estimate. When neglecting these effects (i.e.
calculating just with theoretical flow and return temperature) the
heat emission from pipes were overestimated as shown in Fig. 16.
In average the pipe heat emissions were overestimate by factor
of 2.2. When these overestimated hand calculated heat emissions
were used in the correlation equations derived, the distribution
losses were overestimated by factor of about 11. Therefore the ratio
Dpipel Preed is able to provide sound explanation for the distribu-
tion loss mechanism, but neglecting the dynamics will cause the
overestimation of losses by about factor 10.

4.4. Comparison of results with tabulated values of CEN standards

In Table 5 the results of low temperature heating curve 45/35°C
and conventional 70/55°C are shown in the format used in EN
15316 both for P and PI controllers. The loss of vertical temper-
ature profile is calculated with the room temperature set-point
21.05 relative to 21 (reported in Ch. 3.3). “External components”
means radiator back-wall additional loss and embedded efficiency
is 1 because of no embedded components (floor heating). Results

400
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300
250
200
150

y=149,26x-80
R2=10,9986

2,0 25 Kl

-100
@pipe/Pneed (Munich, Apartmentbuilding 70/55)

Fig. 15. Correlation between distribution loss and ratio of @ p;pe/®peeq for heating curve 45/35°C (left) and 70/55 °C (right).
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Fig. 17. Minimal achievable distribution and emission losses (non-recoverable losses. 100% = heating need) with PI thermostats and limited heating period.

in Tabel 5 show that tabulated values of EN 15316-2-1:2007 are
significantly higher in all cases.

5. Conclusions

Detailed dynamic components of heating system in the whole
building simulation model allowed us to quantify distribution and
emission losses for radiator heating. Main findings of the study
show that distribution losses can be controlled with low tempera-
ture heating curves and emission losses with PI type thermostats.

Emission losses in ventilated low energy buildings occur mainly
as control lossess. Other emission losses due to vertical tempera-
ture difference and additional heat loss through the external walls
behind radiators are not more than 0.6%. Control losses caused by
proportional thermostats were between 2 and 6%.

Distribution and emission losses were possible to keep below 1%
in detached houses both in a cold and Central European climate if
PI thermostats, low temperature heating curve and limited heating
period was used. In apartment buildings the losses were signifi-
cantly higher, between 6 and 12% for lowest heating curves in a
cold and Central European climate, respectively, Fig. 17.

Compared to low temperature heating curves, conventional
70/55°C curve remarkably increased the losses. Therefore, heat-
ing curve of 45/35°C can be recommended for detached houses
and even 40/30°C for apartment buildings. In studied low energy
buildings Type 21 radiators (2 plate radiator with one convection
fin element) with height of 400 mm and width of windows in bed-
rooms provided easily required heat outputs.

Insulating distribution and connection pipes in heated spaces
proved to have no practical effect on heat losses. Some effect was
seen with 70/55 °C heating curve, but generally insulating the pipes
can be considered ineffective—because of large heat transfer sur-
face area, the heat emissions cannot be significantly reduced.

Compared to EN 15316-2-1:2007 and EN 15316-2-3:2007,
calculated losses were significantly lower especially for low tem-
perature heating curves. A new set of tabulated values is proposed
for the revision of the standard. The values of low temperature
heating curves are applicable both in Central and North European
climate for nearly zero and low energy buildings.

It was possible to show that distribution losses depend on the
amount of heating need covered by heat emission from pipes—the
higher the ratio of heat emission from pipes to heating need the
higher the losses. Correlation factor close to 1 was found, but still it
was not possible to calculate losses from hourly energy need data
with the correlation equation. The pipe heat emissions were over-
estimated by factor of about 2 and distribution losses by factor of
about 10 due to fluctuating flow rate and other dynamic effects not
possible to take into account by hand calculation.
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1. Introduction

Emission losses of heat emitters are commonly described by
EN 15316-2-1:2007 [1] where they are divided into three fac-
tors, which are losses due to non-uniform temperature distribution
(stratification), losses to the outside from heating devices embed-
ded in the structure, and losses due to imperfect control of
the indoor temperature. These factors have been derived with
measurements and simulation as described in [2]. The standard
provides tabulated values for all of these factors as efficiency
values which when can be used to calculate the total emission
efficiency. In the case of radiators there are no embedded com-
ponents. Stratification losses depend on over-temperature and
losses via external components, i.e. location of the radiator. For a
radiator with 55/45°C flow/return temperature and normal loca-
tion on external wall, the stratification efficiency is ns;=0.95.
If we assume an ideal control, the emission losses becomes
Gem, loss =(1/0.95-1)100=5.3%. This value can be seen quite con-
servative for modern buildings as reference [3] reports additional
emission loss up to 5% of the heat emission of radiator in old

* Corresponding author. Tel.: +372 56 461 251.
E-mail addresses: mikk.maivel@ttu.ee, mikkmaivel@gmail.com (M. Maivel).

http://dx.doi.org/10.1016/j.enbuild.2014.10.007
0378-7788/© 2014 Elsevier B.V. All rights reserved.

buildings with poor insulation and less than 1% in new buildings
with good insulation. The latter is supported with recent studies
for well insulated buildings. In such buildings additional losses via
external wall are as low as 0.2% [4]. In rooms with mechanical
supply air there is very small temperature gradient [5] and stratifi-
cation losses (due to temperature gradient and losses via external
wall) remain around 0.4% [4].

Available data on emission efficiency of radiators thus allows
to take into account the heating curve and insulation level of the
building. To quantify the differences due to radiator configuration,
more detailed methods are needed.

It is reported that radiators with serial connected panels can
provide 11% energy saving [7] and this has been argued with up to
100% higher radiation heat transfer and also shorter heating up time
of radiator. The objective of this study was to quantify the effect of
parallel and serial connected radiator panels on emission losses and
energy use with controlled laboratory measurements and dynamic
simulation. The motivation was to show which differences can be
measured in the laboratory and how these can be generalized to
annual energy performance of conventional and low temperature
radiator systems.

The limitation of the standard EN15316-2.1: 2007 is that the
effect on operative temperature on heat emission is not accounted
as the calculation procedure is fully based on air temperature. In
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Nomenclature

q heat transfer rate (W)

qtot heat emission of radiator (W)

Qloss heat loss (W)

Tq air temperature (°C)

T: radiator front panel surface temperature (°C)

Ts cooled room surfaces temperature (°C)

Ar area of the radiator (m?)

As area of the non-insulated room surfaces (m?)

AT over-temperature between the water and the air
9]

ATy, logarithmic temperature difference between the
water and the air (°C)

reality different radiators have some effect on radiant temperature
and the operative temperature is the basic parameter of thermal
comfort standard ISO 7730:2005 [6]. Operative temperature is cal-
culated as an average of air and mean radiant temperature and is
the temperature human being is sensing. Therefore, for the exact
comparison of heat emitters energy efficiency, the measurements
and simulations are needed to be conducted at the same operative
temperature, that was taken into account in this study.

In this study we conducted laboratory measurements for the
same size and type radiator with parallel and serial connected pan-
els in EN 442-2:2003 [8] test room at same conditions to quantify
the energy saving. Because of very small differences, we needed to
analytically model the heat transfer process in 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 temper-
ature levels. Additionally we analysed the seasonal performance
in dynamic simulation software which has limitations for radia-
tor model, but allowed to model the radiator surface temperature
according to the measurement results.

2. Methods
2.1. Radiator configurations

The studied radiator configurations are shown in Fig. 1. The par-
allel 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, the 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 tempera-
ture of the radiator which will increase radiation heat transfer and
operative temperature.

2.2. Heat output and temperature measurements

Heat emission of two radiators at given room air temperature
were measured in the test chamber conforming EN 442-2:2003
requirements. The radiators were 2-panel radiators physically of
the same size, 0.6 m height and 1.4 m length, with parallel and serial

Wall-side
—— - - - - ——

Parallel

Fig. 2. Photo of the measurement arrangement.

R=2.483 m?K/W

Tglobe

100

600

x |
000

. measurement point

Fig. 3. Radiator and temperature measurement points locations. The room floor
area is 4.0 by 4.0 m and the room height 3.0 m.

connected panels and two convection fin plates in between, both
types 22-600-1400. The rated heat output of parallel was 2393 W
and for serial 2332 W at over-temperature AT50°Caccording 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 [9] and
operating across the proportional band of 2 °C with the set point of
20°Cin all tests.

In addition to the standard heat output measurement arrange-
ments, the radiators and all surfaces were equipped with
temperature measurement sensors. The effect of radiant heat trans-
fer was estimated with measuring the 150 mm globe temperature.
Figs. 2 and 3 illustrate the measurement arrangement and mea-
surement points of the temperatures.

2.3. Analytical model of 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°C
in different test runs. To enable the comparison at exactly the same
operative temperature in the room, the correction was applied

Wall-side
- . . = .=

?
= it

—_— ——

J——
Serial

Fig. 1. Studied radiator types with parallel and serial connected panels.
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Fig.4. Heatbalance of EN 442-2 test room. Heat from cooled surfaces (T;) is removed
with water flow.

through the analytical model of the room. In EN 442-2 test room
the radiator heat emission is controlled with cooling of all room
surfaces with water based circulation system. Therefore the radi-
ator heat emission gt is controlled with surfaces temperature T
which is the same for all room surfaces. gt Wwas measured from
water flow side.

To change the surface temperature Ts in order to recalculate
all consequent heat transfer effects and other temperatures at the
same operative temperature, the relation between g0t and T; needs
to be described and solved:

Grot = f (Ts) (1)
Heat flows in the room and symbols used are shown in Fig. 4.

Heat losses consist of radiation and convection and heat transmis-
sion through insulation in the wall the radiator is mounted:

Qloss = qr + qc + qw + qbw (2)

where gy, is the heat conduction through the area behind the radi-
ator. Radiator heat emission is described:

qrot = Gfront + qer +Qp (3)

where Gfont = gr +gcr consist of radiation and convection from the
front panel, g is convection from convection fins and gy, is the total
heat transfer from rear panel. Because the gor and surface temper-
atures were measured, only g, needs to be calculated. According to
steady state heat balance giot = qjoss-

Net radiative heat exchange can be calculated from longwave
radiation Eq. [10]:

Gr = OArFer—s (T;t - T54) (4)
where 0 =5.67 x 10-8 W/(m?2 K*) is the Stefan-Boltzmann constant
and Fg; s is the total exchange factor:
B 1

1/Fr_s+ (1/5, - 1) + (Ar/As) (1/53_ 1)

(5)

FET*S

because the view factor Fr_s = Z?:]Fi = 1the total exchange factor
becomes:

1/1) + ((1/0.95) - 1) +1 (0.84/68) ((1/0.9) - 1)
=0.899 C)

Fsr—s = (

As net radiation heat exchange can be calculated with Eq. (4)
and gior is measured, convection g, can be calculated from the heat
balance as follows:

Gc + Gw + Gow = qtot — qr (7)

where heat transmission through insulation on the wall the radi-
ator is mounted can be calculated from measured air and surface

temperatures and thermal resistance of the insulation. In the wall
area behind the radiator:

Gbw = UpwAr (Tsr — Ts) (8)

where the wall surface temperature Ty is measured and
Upw =1/2.483 =0.402 W/(m? K). Through the rest of insulated wall:

qw = UwAw (Ta = Ts) 9

where a building code default value of the surface heat resis-
tance of 0.13(m%K)/W was used to calculate Uy =1/(2.483+
0.13)=0.383 W/(mZ2 K). With Egs. (4), (8) and (9) convection heat
transfer rate g can be calculated. From g, the convection heat
transfer coefficient h. can be calculated:

qc = heAs (Ta —Ts) (10)
he = c(Tq — T5)°* (11)

where c is constant.

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

e change the measured T value to T,

e calculate new over-temperature (logarithmic temperature differ-
ence between the water and the air) for the radiator and new
adjusted heat emission

ATln.2
Grot2 = Grot,1 ATyt (12)

e calculate the new value of g. with Eq. (7) and iterate new T, so
that the constant from Eq. (11) remains the same, i.e. ¢; =c;.

This calculation provides new air temperature T, and new heat
emission of the radiator for 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 new Ts and T, 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
[11]. For this purpose we used an angle factors 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 the 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 mea-
sured standard globe temperature with the equation given in the
standard.

2.4. Case study in a dynamic simulation environment

IDA-ICE [12] simulation software with 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 case of the
test room, the radiator was located on internal wall and other 3
walls, floor and ceiling were external ones with —22 °C outdoor
temperature, Fig. 5. In the case of a residential room the radiator
was located on external wall with a window and there was also
another external wall (two external walls and all other surfaces
were internal), Fig. 6. The residential room had exhaust ventilation
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Fig. 5. Simulated EN 442-2 room and the radiator in IDA-ICE model.
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Fig. 6. Simulated residential room and the radiator in IDA-ICE model.

Exhaust
terminal

External
ceiling

¥

-

Room model

External
floor

Fig. 7. Lay out of the simulation model of the test room, showing the detailed room model with radiation heat transfer calculation capability, external and internal building

envelope elements, the radiator and faces connected to climate processor.

without heat recovery. The layout and components of the test room
model are shown in Fig. 7.

IDA-ICE radiator model is a generic radiator model, which cal-
culates 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 sur-
face temperature depends on radiator size, flow temperature and

water mass flow (the latter is typically set by return temperature
in the model). Compared to measurements, the same radiator size
and flow temperature were used for parallel radiator. To achieve the
same front panel surface temperature as measured, slightly higher
return temperature was needed to use. In the case of serial radia-
tor we increased also the flow temperature so that the front panel
temperature was identical with the measured value. The simulation
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Fig. 8. Test 1 with 50°C flow temperature: water massflows and heat outputs from
water side.

was run at —22 °C outdoor temperature to compare the differences
in heat outputs and all year round with Estonian TRY for annual
heating energy.

In the water radiator model the leaving water temperature is
calculated with the equation [13]:

Tret = Ta + (Thow — Ta) x e~ ((Tow—Trer)/ATin) (13)

where Ty is return temperature and Ty, flow temperature. The
total heat emission is modelled with the empirical equation:

qrot = kKIAT]] (14)

where k is a powerlaw coefficient which depends on the width and
type of the radiator, W/(mK") and [ is length of the radiator. The
total heat balance for the radiator is:

qrot = Gfront + qer +Gp (15)

where ggone is the heat transfer on the front side of the unit (long
wave radiation and convection). This transfer is modelled in the
zone model. g, Is an extra convective heat load, e.g. from the back
side and possible fins. g, Is the heat transfer between the back side
of the unit and the facing zone surface.

3. Results
3.1. Laboratory measurements at 50 °C flow temperature

Two flow temperatures were used, 50°C and 70 °C. Both mea-
surement cycles were repeated (Test 1, Test 2) in order to control
the repeatability. The thermostat with the set point as close as pos-
sible to 20 °Cin 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 test 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.

The flow temperature of 50°C led after the step change to sta-
ble operation, where heat output from water flow decreased from
about 900 W to 800 W level, corresponding to a situation where
internal heat gains are close to 15% of nominal heat output, Fig. 8.
Water massflow stabilized to significantly lower level in parallel
radiator. Flow and return temperatures, Fig. 9, show that parallel
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Fig. 9. Flow and return temperatures in 50°C Test 1.
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Fig. 10. Front and rear panel surface temperatures in 50 °C Test 1.

radiator operated at significantly lower return temperature on this
temperature level. It was estimated that 3% higher heat output of
parallel radiator at AT 50°C increased to about 10% higher heat
output at AT25°C.

An average front and rear panels surface temperatures (calcu-
lated as an average of 5 measurement points) show higher front
panel and lower rear panel temperature in the case of serial radia-
tor, Fig. 10. Room air and room cooled surfaces temperature results
show that there were not possible to keep exactly the same tem-
peratures in both tests (Fig. 11). Initial temperature (t=—10min in
the figure) was lower in the case of parallel radiator, and the cooled
surfaces temperature remained lower during the all test resulting
also in the lower air temperature.

Room temperatures were analysed for stabilized period of 130
to 320 min for Test 1. For this period, an average air temperature,
cooled surfaces temperature, the mean radiant temperature and
operative temperature were calculated, Table 1. The operative tem-
perature was calculated as an average of the air and the mean
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Room temperatures in 50 and 70°C tests, all values are in °C. Operative temperatures from 0.6 m height were by 0.02-0.03 °C lower than from 0.75 m height.

Air (T,) Cooled surfaces (Ts) Front panel (T,) Mean radiant (Trad, mean) Operative (Top 0.75m) Operative from globe (Top, globe )
Parallel 50°C Test 1 19.98 18.38 39.79 18.79 19.39 19.62
Serial 50°C Test 1 20.19 18.48 44.08 18.97 19.58 19.82
Parallel 50°C Test 2 19.88 18.39 38.50 18.78 19.33 19.55
Serial 50°C Test 2 20.07 18.47 43.15 18.95 19.51 19.74
Parallel 70°C Test 1 19.69 17.88 40.32 18.31 19.00 19.26
Serial 70°C Test 1 19.81 17.98 45.63 18.51 19.16 19.43

radiant temperature and was also estimated from the globe tem-
perature as described in Section 2.3. Results show by 0.1 °C lower
cooled surfaces temperature in the case of parallel radiator as well
as by 0.2 °C lower air and operative temperatures. Operative tem-
peratures estimated from the globe were about 0.2 °C higher, but
the differences between the cases were the same.

Because the temperatures were not exactly the same, the cooled
room surfaces temperature was adjusted as described in Section
2.3. The adjustment was done in two directions. In the case of par-
allel 50°C Test 1, Ty was changed so that T,, changed from 19.39
to 19.58 °C. Adjusted parallel was then compared with serial hav-
ing the same operative temperature of 19.58 °C, Table 2. To test the
accuracy of the analytical model, serial 50 °C 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 2 show the air temperature change of 0.18 °C and cooled sur-
faces temperature change of 0.20°C 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
serial radiator was by 2.0 and 2.1% smaller in these two cases. This
2.0-2.1% equals to heat emission reduction of serial radiator. Ana-
lytically 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 °C Test 2. This resulted in the negative reduction of —4.2 to
—4.5%, i.e. parallel radiator used less energy. Without adjustments
to the same operative temperature, the saving of serial was about
3% and —3% in 50°C Test 1 and Test 2, respectively, showing the
effect of adjustments by about 1%.
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Fig. 11. Room air and cooled surfaces temperatures in 50 °C Test 1.

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

3.2. Laboratory measurements of dynamic performance at 70°C
flow temperature

The tests at 70 °C flow temperature corresponded to oversizing
of radiators by about factor 2 (roughly 1600 W vs. 800 W). Ini-
tial 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 °C. In the case of par-
allel, initial room air and surface temperatures were about 0.1°C
lower, but parallel radiator reached to the same temperature as
serial in 9 min. After that the air temperature curves are almost
identical with slightly higher maximum value for parallel at 43 min,
Fig. 12. After the heating up phase the thermostat valve was not
able to keep stable temperature in both cases because of oversized
radiators.

Water massflow and heat output of radiators are shown in
Fig. 13. Similar to 50°C test, parallel showed slightly higher peak
power. Return temperature results, Fig. 14, show less superior per-
formance of parallel radiator compared to 50°C test, where return
temperature of parallel radiator was significantly lower. Panel sur-
face temperatures showed similar performance as in 50°C test,
Fig. 15.

21.5
——Parallel, air
AN Serial, air
21.0 1 \ ===Parallel, surface
[ Serial, surface
20.5

N
o
o

WY

18‘0J —

Room temperature, °C
= =
© ©
o w

P
o0
3]

’-w-"‘"’\‘\oy —A —~—
17.5 T
-10 40 90 140 190 240 290 340

Time, minutes

Fig. 12. Dynamic step response of the room air temperature in 70 °C Test 1.
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Table 2
Analytically calculated adjusted values of temperatures and heat outputs of radiators.
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Test 1 (Top 19.39— 19.58)

Test 1 (Top 19.58 — 19.39)

Test 2 (Top 19.33 > 1951) Test 2 (Top 19.51 > 19.33)

AT, Ty, agjusted (°C) 20.16 20.00 20.05 19.90
Cooled surf., Ty, agjustea (°C) 18.58 18.28 18.58 18.29
Parallel 50°C, heat output (W) 815.1 824.9 7131 7224
Serial 50°C, heat output (W) 798.7 807.3 745.0 752.7
Saving of serial (%) 2.01 2.14 —4.48 —4.20
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Fig. 13. Water massflows and heat outputs from water side in 70°C Test 1.
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Fig. 14. Flow and return temperatures in 70°C Test 1.

3.3. Simulation results

In the simulation of a residential room described in Section 2.4
a PI controller was used which kept the operative temperature set
pointof19.5°Cwith high accuracy. Inthe case of EN 442-2 test room
the U-values were selected so that heat losses were about 800 W
at outdoor temperature of —22 °C. The IDA-ICE radiator model pro-
vided identical front panel surface temperature for parallel radiator
when return temperature was about 6°C higher than that in the
measurements. To achieve the measured front panel surface tem-
perature of serial radiator the flow temperature was increased to

Time, minutes
Fig. 15. Front and rear panel surface temperatures in 70 °C Test 1.
Table 3

Simulation results of EN 442-2 test room described in Section 2.3. All values at —22 °C
outdoor temperature.

Parallel Serial
Flow temperature (°C) 50.0 57.6
Return temperature (°C) 39.8 434
Front panel surface temperature (°C) 39.8 441
Rear panel surface temperature (°C) 39.8 44.1
Air temperature (°C) 20.69 20.58
Front panel gfon (W) 178.7 2271
Convection g¢; (W) 624.7 576.2

Back side g, (W) 0 0
Total heat output Gt (W) 803.4 803.3

57.6°C. 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 temperatures of 20.69 °C and 20.58 °C
for parallel and serial cases, respectively, as well as nearly the same
heat emission of radiators, Table 3.

In the case of a residential room, the input data used resulted in
slightly smaller heat losses of about 630 W compared to 800 W of
the laboratory tests. At outdoor temperature of —22 °C, the model
provided identical front panel surface temperature for parallel radi-
ator roughly at the same flow temperature of 53°C (vs. 50.5°C in
the measurements). To achieve the measured front panel surface
temperature of serial radiator the flow temperature was increased
to 58.7 °C. With these settings the rear panel surface temperatures
were not correct, as can be seen from Table 4. To achieve mea-
sured rear panel temperatures another 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 4).



752 M. Maivel et al. / Energy and Buildings 86 (2015) 745-753

Table 4
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) 19.61 19.48
Flow temperature for backwall correction (°C) 57.7 53
Rear panel surfaces temperature at corrected 414 384
flow temperature (°C)
Front panel qgon; (W) 179.2 227.7
Convection qc (W) 446.8 396.8
Back side gj, (W) 8.6 9.2
Corrected back side qp, corrected (W) 8.8 8.4
Total heat output gor (W) 634.6 633.7
Corrected total heat output gor (W) 634.8 632.9
Annual heating energy use kW h/(m? a) 64.9 64.5
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Fig. 16. Duration curve of the radiator front panel surface temperatures
(100%=8760h).

Simulated heat outputs show the difference of 1.9W corre-
sponding to the saving of 0.3% by serial radiator. In annual energy
simulation serial radiator provided heating energy saving of 0.7%
and slightly higher front panel surface temperature as shown in
Fig. 16. The maximum room air temperature difference appeared
at —22°C outdoor temperature, 19.61 and 19.48 °C in the case of
parallel and serial radiator, respectively.

The difference between simulated EN 442-2 test room and a res-
idential room results (no saving vs. 0.3% saving of serial) shows the
effect of cold surfaces in the room. In EN 442-2 test room the radi-
ator faces 5 cold surfaces, and the higher surface temperature of
serial radiator increased the radiant temperature (the air temper-
ature was lower in the simulation at fixed operative temperature
setpoint), but this did not provided any energy saving because of
more intensive radiation heat exchange. In the case of a residen-
tial room, the radiator on external wall faces mainly internal walls
and floors and the effect of higher radiator front panel and radiant
temperatures resulted in quantifiable energy saving of 0.3%. These
results indicate that EN 442-2 test room with cooled surfaces is
radiator type neutral, i.e. radiators with higher convection or radi-
ation share will provide similar heat emission at fixed operative
temperature.

4. Conclusions

Laboratory measurements were conducted for the same size
and type radiators with parallel and serial connected panels in EN
442-2 test room to quantify the possible heat emission difference
and energy saving of the radiator with serial connected panels.
With analytically modelled heat transfer in the room small tem-
perature differences were recalculated and the comparison was
conducted at exactly the same operative temperature. Additionally
the performance was analysed with dynamic simulation which had
limitations in the radiator model, but allowed to model the radiator
surface temperature according to the measurement results.

Laboratory measurements at 50°C flow temperature showed
in the first test 3% lower and in the second test 3% higher heat
emission of serial radiator. Final, recalculated results at the same
operative temperature showed by 2% lower and by 4% higher heat
emission of serial radiator in these test, respectively. The differ-
ences between the tests were higher than the declared accuracy of
the EN 442-2 test room of +1% and were caused by very small but
continues swings in water flow rates and temperatures which may
be attributed to the limited accuracy of the proportional thermostat
used. Therefore, the measurement setup used did not reached the
complete steady state and was not able to quantify the differences
between tested radiators, however indicating that these differences
were very small if they existed at all.

Simulated results for EN 442-2 test room with front panel sur-
face temperatures of radiators identical to the measured values
showed 0.11 °C lower air temperature in the case of serial radia-
tor, but exactly the same heat emission of both radiators, because
of more intensive radiation heat exchange in the case of serial radi-
ator. Simulated results for a typical residential room showed by
0.3% smaller heat emission at design outdoor temperature and by
0.7% smaller annual heating energy use in the case of serial radiator.
Therefore the radiator on external wall with higher front panel tem-
perature as well as higher radiant temperature in the room resulted
in quantifiable energy saving as the radiator mainly faced internal
surfaces. This approved the importance of radiant temperature as
phenomena, but in terms of energy savings there was no consider-
able difference between studied radiators with parallel and 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 50°C test. The rear panel temperature of
serial radiator was by 3 °C lower that may have some energy saving
effect in the case of poorly insulated walls.

Parallel radiator showed slightly faster dynamic response and
higher heat output which resulted slightly faster heating up time.
By 3% higher heat output of parallel radiator at AT 50°C increased
to about 10% higher heat output at AT 25°C which gives some
advantage to parallel radiator in low temperature heating systems.
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1. Introduction

Heat pump heating systems are popular and widely used for
preparing domestic hot water and space heating in all over the
Europe especially in Nordic countries. According to statistics build-
ings account for 40% of CO, emissions in central Europe [1]. Heat
pumps are being 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 [2]. Espe-
cially in colder climates or in the case of higher heating needs, heat
pumps have been seen financially attractive because of reasonably
short payback periods [3].

As a common solutions heat pump is connected with floor heat-
ing system where temperature curve is lower than in conventional

Abbreviations: COP, coefficient of performance; SPF, seasonal performance fac-
tor; Ty, condensing temperature (K); T, evaporation temperature (K); Ty, return
temperature (K); T2, flow temperature (K); n, exergy efficiency; ¢, produced heating
and/or cooling energy by heat pump (kWh/a); P, used electrical energy for producing
heating or cooling energy (kWh/a).

* Corresponding author at: Ehitajate tee 5, 19086 Tallinn, Estonia.
Tel.: +372 56461251.
E-mail address: mikk.maivel@ttu.ee (M. Maivel).

http://dx.doi.org/10.1016/j.enbuild.2015.02.048
0378-7788/© 2015 Elsevier B.V. All rights reserved.

radiator heating system. According to recent study in low-energy
buildings it is also possible to use low temperature radiator heat-
ing system [4] with heating curves only by 5 °C higher compared to
floor heating. Radiator system temperature drop is typically higher
in sizing as well in operation compared with floor heating and
it ensures lower return water temperature, having an effect on
heat pump performance quantified in this study. In sizing, typical
temperature drops are 15-20°C in conventional radiator heating
system, 10-15°C in low temperature radiator heating and 5-10°C
in underfloor heating system. Most of existing heat pump models
and software do not consider return water temperature effect 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 simple condenser model assumption are of
the used. Therefore such models not calculating the actual return
temperature are more suitable for floor heating systems where
temperature differences are smaller. All heat pump models make
some assumptions and simplifications. Scarpa has considered that
there are three main types of approaches: numerical approxima-
tion; general thermodynamic and detailed approach. Most detailed
approaches achieve an accuracy of less than 10% [5]. In this paper,
general thermodynamic approach was used. From literature, many
models and calculation approaches of heat pump performance can
be found, but most of them have made simplifications mostly in
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Fig. 1. Analyzed building 3D view (left) and heating curve 45/35 °C (right).

consumption side [6], i.e. it is complicated to model accurate con-
sumption and inlet-outlet temperatures. Or alternatively, models
describe steady state calculations like specified in standards [7].

Heat pump COP is influenced by working mode, i.e. space heat-
ing or preparing domestic hot water. This paper will concentrate
on space heating mode therefore energy need for space heating
is dynamic process; energy need for domestic hot water is influ-
enced by usage profile. Heat pump performance testing is described
in EN14511-2 [8] and ISO 5151:2010 [9]. IEA HPP (International
Energy Agency Heat Pump Program) has launched Annex 28 to
compare different standards [10]. Karlsson work under IEA HPP
Annex 28 include heat pump tests by both EN standards and it
resulted that the former standard EN 255-2 [11] gives higher COP
values compared to EN 14511-2 due to mass-flows that were not
defined in EN 255 and it resulted in unrealistic low inlet condensing
temperatures in a few testing points. According to the EN 14511-2
heat pumps were tested at standard rating conditions temperature
difference of 5°C (for outlet temperature up to 45°C). Karlsson's
test results show like earlier studies [12] that heat pump COP is
influenced by condenser inlet temperature (i.e. lowering return
water temperature will increase heat pump performance). Evi-
dently the temperature difference of 5°C used in testing of heat
pumps underestimates the performance for radiator heating sys-
tems quantified in this study. For instance Nyers have calculated by
steady-state mathematical model that the condenser performance
increases by 1.9 times if the inlet water temperature decreases from
50°Cto20°C[13].

In this paper it is shown with a whole building dynamic simula-
tion model including radiator heating system with heat pump the
condenser inlet temperature impact on heat pump SPF on annual
basis. Laboratory measurements were conducted to quantify this
effect against the condenser model. Applying the derived condens-
ing temperature correlation equation in the simulations the effect
of large temperature drops in a radiator heating systems and the
effect of studied connection schemes was quantified.

2. Methods

A set of laboratory measurements was conducted to measure
heat pump performance as a function of the return tempera-
ture. In modeling, two methods were used to calculate the heat
pump performance as a function of heating system flow/return
temperatures. In first step dynamic simulation were conducted
with an existing heat pump model of IDA-ICE simulation soft-
ware. In second step, an improved model based on laboratory
measurements and the correlation derived was used to calculate
heat pump seasonal performance ratio with actual heating system

flow/return temperatures. Four connection schemes of the heat
pump were analyzed with dynamic simulations based on these
methods.

2.1. Dynamic model of heat pump heating system

Analyzed building was typical recently built detached house,
which has been chosen in earlier study for reference building
in Estonian cost optimal calculations [14]. Investigated build-
ing is two-story with heated area of 178 m2. Building has three
bedrooms, sauna and living room together with kitchen (Fig. 1,
left). Main building elements thermal transmittance values are
presented in the Table 1. Room air set-point temperature dur-
ing analyze was 21°C. Heating system supply water temperature
is outdoor air temperature compensated, i.e. the supply water
temperature increases as the outdoor temperature decreases. Low-
temperature radiator heating system has simulated with heating
curve of 45/35°C (Fig. 1, right). There is no cooling system in the
building. Mechanical supply and exhaust ventilation system with
heat recovery (temperature efficiency up to 80%; exhaust tem-
perature limit 0°C and supply air temperature during the winter
+18°C) was used. All energy calculation input data follows the Esto-
nian regulation of minimum requirements for energy performance
[15].

Detailed overview about dynamic heating system simulation
model can be found in previous paper [4]. Standard plant model
were replaced to IDA ESBO plant model, which include heat pump
model [16]. IDA-ESBO have more advanced plant models than that
of IDA-ICE, including possibility to model different heat pumps,
solar panels, wind turbines, stratification tanks, etc. In current
work IDA-ESBO plant model was integrated to the IDA-ICE in the
advanced level. Selected heat pump is a residential on-off type
pump with variable condensing temperature with working fluid
R407C. Main parameters of investigated heat pump used in math-
ematical model of calculating heat pump seasonal performance
are shown in Table 2. In radiator heating system equipped with
thermostatic valves the water flow fluctuates a lot, resulting in a
temperature drop which is much higher compared steady-state
standard heat pump testing value of 5°C temperature difference

Table 1
Thermal transmittance values for main building envelope elements.

No. Building envelope element U-value (W/(m?2 K))
1 Exterior wall 0.17

2 Roof 0.14

3 Ground floor 0.17

4 Windows (g=0.5) 0.8
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Fig.2. Temperature drop (flow and return) duration curves in radiator heating system (left) and annual mass flow duration curve in space heating circuit (right). 100% = 8760 h.

(Fig. 2 (left)). Constant pressure circulation pump were used in all
simulation cases and annual mass-flow in space heating circuit is
shown in Fig. 2 (right). Mass-flow and temperature values in Fig. 2
where computed with IDA-ICE.

2.2. Connection schemes

Manufactures recommend connection scheme depending on
the usage profile, consumption and working mode, etc. In this study
four most used types of connection schemes were analyzed. In first
step Connection No. 1 (Fig. 3) where on-off type ground source
heat pump with working fluid R407C was connected to the heat-
ing system through stratification tank were modeled in IDA-ESBO
simulations. This connection has three circulation pumps (between
ground loop and evaporator; condenser and stratification tank and
for space heating system). Stratification tank should have addi-
tional top-up heater because heat pumps often have sized to cover
approximately 60% of heating power at design outdoor temper-
ature [17], but in this study the heat pump was sized to cover
100% of building heating need at design outdoor temperature which
is in Tallinn -22°C (in simulations additional top-up heater was
neglected).

Connection No. 2, 3 and 4 are also popular in domestic solutions.
Connection No. 2 is adirect Connection, No. 3 has abypass and in No.
4 is additionally a tank increasing the system water volume, which
helps on-off operation of the heat pump. No 1 was both simulated
with IDA-ESBO plant and calculated analytically. Connections 2, 3
and 4 were then analyzed with verified analytical formulas. Heat-
ing system hourly flow/return temperatures were simulated with
IDA-ICE simulation model with detailed radiator heating system,
and the effect of direct calculation from the heating curve was also
tested.

2.3. Basic equations

The efficiency of heat pump can be expressed with the COP,
which is the quotation between the useful heating capacity and
the power input (Eq. 1). The theoretical upper limit for the COP of a
heat pump operating between the condensation temperature and

Table 2

Basic information about heat pump.
Power 5kw
Atiogeva. 8°C
Allog.cond. 8°C
Lorine.in 0°C
Thrine.out -3°C
Lwater.in 30°C
twater.out 35°C
COPrest.conditions 43

evaporation temperature is expressed by the Carnot coefficient of
performance. The real COP should consider the compressor power
factor or exergy efficiency (Eq. 2).
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Fig.3. Calculation schemes (E, evaporator; C, condenser; ST, stratification tank; SHS,
space heating system).
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(Ty2) temperature of 50°C.

COP. is Carnot coefficient of performance; Q; is a useful heating
capacity (W), Wis a power input (W); T; is a condensing tempera-
ture (K); T, is an evaporating temperature (K).

COP, = COP. * 7 2)

COP; is heat pump coefficient of the performance; 7 is exergy
efficiency, which is in a range of 0.4-0.6 for conventional domestic
water/water heat pumps [ 18] 03-0.4 for air/water heat pumps and
0.15-0.3 for air/air heat pumps. [7].

Heat pump seasonal performance factor SPF was calculated with
Eq. (3).

¢

SPF= 5 (3)

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

2.4. IDA-ESBO simulation

In ordinary heat pump selection programs the condensing tem-
peratures are often calculated from condenser outlet temperature
(heating system flow temperature). IDA-ESBO heat pump model
includes physical models of heat exchangers. Water-side heat bal-
ance is given with Eq. (4) and heat exchanger with Eq. (5). These
equations allow to derive condensing temperature Eq. (6).

Qevap/cond =mxCp*(T12 —T11) (4)

Qevap/cond iS heat flux from heat exchanger (condenser or evapo-
rator) W; m is mass flow in space heating circuit kg/s; G, is specific
heat of water (J/kgK); T;1 is return water temperature from space
heating circuit K; Ty; is flow water temperature to space heating
circuit K.

Qevap/cond =UxAx (N2 —T1)

In(Ty = T11)/(Th — T12)

Uis condenser heat transfer coefficient W/(m?2K); A is condenser
area m?; Ty is condensing temperature K.

Tio—Tiy
(1 —EXP(—U xA/mx Cp)

Eq. (6) is illustrated in Fig. 4 showing the dependency between
heating system return (Ty;) and condensing (T;) temperature at
constant flow temperature of 50°C in the case of constant power
(Fig. 4 (left)) and constant mass-flow (Fig. 4 (right)).

U*A characterize heat exchanger and it varies in a time step.
IDA-ESBO calculates it on hourly bases with the Eq. (7).
:m*Cp*(Tu—Tn) @

A tlog .cond.

(5)

Ty =T+ (6)

_ Qevap/ cond
A tlog .cond.

U=xA

ATiggcond.is @ condenser logarithmic temperature difference
which characterize heat exchanger, usually given as a constant
value from heat pump producer but IDA-ESBO heat pump model

calculates it for every time step. IDA-ESBO calculates condensing
temperature compared to equation 6 in slightly different format as
shown in Eq. (8).

T2 — Ty
T, =T
VT A TEXP(U < AJmx Gy)
ST 4 T2 — Tyq
T T ZEXP(—m # Cp # (Trz — T11)/M % Cp Albiog cond)
Tip —T
— Tyt 12— I (8)

1—EXP(-Ty2 — Tll/Atlog.cond)

2.5. Hand calculations with measured correlation

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

3. Results

Results are presented in two main sections. The first part con-
tains description of the model and its features such as comparison
of part-load effect and stratification tank. Beside that this chap-
ter includes seasonal coefficient of performance value calculations
with IDA-ESBO plant model, dynamic simulation and SPF calcu-
lation with simplified formulas (Eq. 1-8) for connection scheme
No 1.

The second part covers the derivation of variable condensing
temperature correlation equation from laboratory test measure-
ment and SPF calculation for different connection schemes (Fig. 3).

3.1. IDA-ESBO heat pump simulation

This chapter aim is to give an overview of about IDA-ESBO simu-
lation model and its results via Connection No. 1. Similar approach
has been used by Salvalai who made parameter estimation of heat
pump model in IDA ICE environment, but his model was a simpli-
fied one based on producers performance maps and was not the
same that IDA-ESBO current model with more detailed properties
[19].

3.2. Stratification tank

IDA-ICE heat pump model was run via stratification tank. Tank
model include tank with its dimensions and volume. Tank has heat
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losses and the model has possibility to set the number of layers and
a fill ratio. By default fill ratio is 0.2 (i.e. 20% of all water is heated
to the highest set-point). Simulated tank stratification with eight
layer temperatures is shown in Fig. 5.

Layer 8 is the temperature on the top of the tank and shows the
flow temperature to the heating system. Tank is connected only
with a space heating system, i.e. domestic hot water heating is
neglected in this study.
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3.3. Part load effect for heat pump performance

IDA-ESBO library has on-off type heat pump [15]. However, it
may be operated as a capacity controlled heat pump. According to
previous studies variable speed heat pump improved energy per-
formance in the range of 10-25% [16] due to lower condensing
temperatures and fewer on/off cycles with variable-speed pump
compared to intermittent control. On the whole part-load helps to
increase heat pump life expectance and the ability to extend the
operating range of compressor provide an opportunity to reduce
the need for supplementary heat in Nordic climates, where supple-
mentary heat is necessary. IDA-ESBO simulation results showed
that variable speed control helped to achieve 13% of higher SPF
than simple on-off control (SPF with on-off control was 3.07 and
with variable speed 3.48 respectively). In part load working mode
condenser mass-flow is lower than in on-off working mode (Fig. 6).

3.4. Constant refrigerant temperature heat
exchanger—calculation with simplified formulas

For making hand calculations with Eqgs. 1 and 2, heat pump
annual performance was first calculated with IDA-ESBO simula-
tion. Hourly exergy efficiency n values calculated with IDA-ICE
simulation results and Eq. (2) were in the range of 0.50...0.63
with an average efficiency value of n=0.57. In Fig. 7 corresponding
hourly COP values of IDA-ESBO simulation; Carnot ideal process
with equation 1 (evaporating and condensing temperature from
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Fig. 6. Duration curve of compressor power (left) and condenser mass-flow (right) in on-off and part load working mode. 100%=8760 h.
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IDA-ICE results) and hand calculated with Eq. (2) with heat pump
efficiency of 0.57 are shown.

Results in Fig. 7 show that hand calculation with constant heat
pump efficiency value of 0.57 gave accurate results on annual bases.
In next step, the condensing temperature was calculated with equa-
tion 8 from flow/return temperatures, and the result was compared
to IDA-ESBO condensing temperature in Fig. 8.

Hand-calculated and IDA-ESBO results were very close, IDA-
ESBO simulation provided average condensing temperature of
39.8°C and hand calculation 40.7 °C. Slight difference was caused
by logarithmic temperature difference, which IDA calculates
dynamically for every hour, but in hand calculation constant
Atjog.cond =8 °C from the Table 2 was used.

From calculated hourly condensing temperatures, hourly COP
values were calculated with an average constant evaporating tem-
perature of —8 °C. Calculating the COP with the exact evaporating
temperature values (from IDA-ESBO results) gave the annual SPF of
0.3% lower compared to simplified hand calculation with constant
evaporating temperature (3.38 vs. 3.39 respectively). All further
calculations include constant evaporating temperature assump-
tion of —8 °C. Fig. 9 describes the difference of IDA-ESBO simulated
hourly COP values from hand calculated COP showing an annual

average value of 3.80 vs. 3.69 respectively. Such a slight differ-
ence (~2.8%) in COP values resulted in the seasonal coeficient of
performance being 3.48 in IDA-ESBO simulation and 3.39 in hand
calculation (the difference ~2.6%). This shows that hand-made cal-
culation with several constant values with equation 3 is reasonably
accurate and gives almost the same values as IDA-ESBO simula-
tion (for hand calculation, it was necessary to use simulated hourly
heating system return temperature for calculating condensing tem-
perature).

3.5. Calculation based on laboratory measurements

3.5.1. Condensing temperature correlation

Laboratory measurements data was used to describe the mea-
sured condensing temperature as a function of heating system
flow/return temperatures with simple correlation equation. Results
of the laboratory measurements for a wide range of return tem-
peratures are shown in Table 3. Because we had limited number of
measurements, in addition IEA Annex 28 [ 10] measurement results
were used (Table 4).

Test results show that the lower return temperature decreased
the condensing temperature resulting in higher COPcarmot (Table 3).

Table 3
Laboratory measurement results (T, — evaporating temperature °C) of the heat pump performance.
Ty T EER carnot EERjab measure n T Ti Avg. kW Volume flow /s U"A radiator

Case 1 45.06 —6.98 5.11 2.31 0.45 29.64 49.62 8.09 0.36 0.45
Case 2 46.98 —6.69 4.96 2.15 0.43 35.38 50.05 7.94 0.48 0.36
Case 3 48.67 —6.64 4.82 1.97 0.41 40.15 49.98 7.79 0.7 0.31
Case 4 50.88 —6.87 4.61 1.81 0.39 44.99 50.01 7.56 133 0.28

Table 4

IEA Annex 28 [5] measurement results used in this study.
Heating water out °C 50 35 45 55 35 35.1 55 45 50 50
Heating water in °C 42 293 40 50.6 235 30.1 51.1 40.5 40.1 38.2
Brine in °C -5 0 -0.1 0 0 -0.1 0 0 0 5
Brine out °C -7.2 -3.6 -3 -2.4 -3.8 -2.9 -1.9 -2.4 -2.9 14
Power-compressor (kW) 2.55 2.5 2.73 2.92 2.38 2.53 2.94 2.76 2.75 291
Power - total (kW) 2.15 22 244 2.62 2.14 223 2.62 2.46 234 2.51
Thermal power (kW) 7.24 10.14 9 7.92 10.52 10.26 7.96 9.16 8.94 10.76
COPcompressor 3.35 4.56 3.66 2.98 4.42 4.05 2.71 3.31 3.25 4.28
COPyotal 2.83 4.06 33 2.71 4.89 4.57 3 3.69 3.81 3.70
Gwater (M>[h) 0.79 1.55 1.55 1.55 0.79 1.77 1.77 1.77 0.79 0.79
Qbrine (M3/h) 2.09 2.09 2.09 2.09 2.09 2.57 2.57 2.57 2.09 2.09

Table 5
Condensing temperature calculation.

T, measured Ty calc. Atyog =1 Ty calc. Atpg =3 Ty calc. Atyog =5 Ty calc. At =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
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Decrease of condensing temperature by 12.9% increased the COP by
about 9% according to these measurements. These changes in the
return temperature resulted in thermodynamic process pressure-
enthalpy diagrams shown in Fig. 10.

To test the condensing temperature Equation 8 against the mea-
sured data, measured condensing temperatures were compared to
calculated ones with Eq. (8) at different Aty values (Table 5).

Table 5 shows that Eq. (8) provides estimation and is not able
to consider return water temperature effect similarly to laboratory
measurements.

Therefore, the correlation between condensing and flow/return
temperature was derived from measured data. Weightings of flow
and return temperatures (x and 1—x) were used providing the best
correlation (higher R2-value) with a formula of xTy; +(1-X)Ty2 =T;.
Best fitting of condensing temperature as a function of flow and
return temperature was found for both measurements. For IEA
Annex data this resulted in equation T; =0.62 Ty +0.34 T +4.5
with slightly higher R?-value, than in our measurement results

=0.67 Ty +0.36 Ty +1.05 as shown in Fig. 11.
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Fig. 11. Condensing temperature correlation equations giving higher weighting for
flow temperature.

The data in Fig. 11 had seven test points with flow temperature
of 50°C which allowed to show the dependency between condens-
ing temperatures and return temperatures (Fig. 12).

Fig. 12 shows that the correlation is an approximation not tak-
ing into account all physical phenomena, but the correlation is still
reasonably high.

Derived correlations of condensing temperature (Fig. 11) were
used to calculated COP values. For that purpose simulated hourly
heating systemreturn temperatures and constant evaporating tem-
perature of —8°C were used (Fig. 13).

Hourly COP values in Fig. 13 resulted in the following SPF values
(Eq. 3): by condenser model 3.39; by laboratory measurements 3.72
and by IEA Annex 28 measurements 3.67.

These results show that laboratory measurement gave approx-
imately 8-9% higher SPF value compared to condenser model used
in IDA-ESBO simulation.

3.5.2. The effect of reduced flow rates by thermostats

Hourly simulation with the condenser model (Eq. 6) and derived
correlations (Fig. 11) was used to test the effect of reduced flow
rates by thermostats So far simulated return temperature was used
in calculations. In the case of fixed flow rates (correspond to sit-
uation with exact sizing and no internal and solar gains) return
temperature can be directly calculated from flow temperature with

52

]
51
50 | | /I/

349 /

T,=0.39T,; +33.6
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29 31 33 35 37 39 41 43 45
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Fig. 12. Condensing temperature dependency on return temperature at 50°C flow
temperature.
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Fig. 13. Comparison of hourly COP (left) and the duration curve (right) of hand calculation with condenser model (1) and derived correlation (2 - by laboratory measurements;

3 - by IEA Annex 28 measurements).

the assumption that heating need has linear dependency with delta
T of indoor and outdoor temperature (Fig. 14). This calculation
needs as input data only simulated heating needs, i.e. the simu-
lation of radiator heating system is not needed. SPF with constant
water mass-flow was calculated for 45/35 °C heating curve that was
used in previous chapters. Calculation was conducted for connec-
tion scheme No. 2, where flow temperature follows exactly the
heating curve (without stratification tank effects present in con-
nection scheme 1).

Condensing temperatures were calculated with Eq. (8) and with
the correlation of laboratory measurements (Fig. 11). The use of
hand calculated fixed flow return temperature (calculated with Eq.
(8) resulted in ~2 °C difference in condensing temperature (Fig. 15),
and decreased annual SPF by ~4.5% (SPF of 4.0 with fixed flow
return temperature vs. to real SPF 4.19).
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Fig. 15. Condensing temperature calculated by fixed return flow rate. 100% =8760 h.
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Fig. 16. Return temperatures with studied connection schemes described by SPF

values. 100%=8760 h.

Table 6
SPF values simulated with different connection schemes.

Connection type Laboratory measurements Condenser model

correlation SPF (Eq. (8) SPF
1 separated connection 3.72 3.39
with stratification tank
2 without bypass 4.19 3.76
3 bypass (0.1kg/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 4.10 3.69

bypass (0.02 kg/s)

3.5.3. Connection scheme impact on seasonal performance factor

Four different connection scheme which were described in
Ch.2.2 were simulated and SPF values were computed (Table 6). SPF
values were calculated with Eq. (3), where compressor and circu-
lation pump power were computed through hourly COP and space
heating need. COP were computed with Eq. (1) where condensing
temperature correlation Ty =0.67 T13 +0.36 T11 + 1.05 was used and
with condenser model, Eq. (8).

Fig. 14 shows that highest SPFis achieved with direct connection
without bypass. The bypass reduces SPF value, and the volume tank
provides in principle a small increase without practical meaning,
however the real benefits of larger water volume on heat pump
operation are out of scope of this study. Highest SPF value was
achieved at lowest return temperature as shown in Fig. 16.

4. Conclusion

In this paper a domestic heat pump applications with radiator
heating were analyzed. The main aim was to investigate the heating
system return temperature effect on the condensing temperature
with consequent SPF effects. SPF of the heat pump was quantified
by three different comparable models - analytical model, IDA-ESBO
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heat pump model and by correlation equation derived from two set
of laboratory measurements.

Results revealed that IDA-ESBO simulation together with
detailed outdoor temperature controlled heating system model
gave very similar seasonal performance factor compared to analyt-
ical condenser model with constant refrigerant temperature, 3.48
vs. 3.39 respectively. Two separate domestic heat pump laboratory
measurements at different temperature levels were used for calcu-
lating hourly COP values with simulated heating system inlet/outlet
temperatures. SPF values were calculated by derived formulas for
four commonly used connection schemes in Nordic countries. Cal-
culation with derived condensing temperature correlation stressed
the effect of relatively low return temperature in a radiator heating
system that resulted in 9% higher SPF value of 3.72. Four differ-
ent domestic heat pump connection schemes resulted in a range of
SPF values of 3.72 to 4.21. The highest SPF was achieved with direct
connection scheme of heat pump, because it resulted in lowest pos-
sible return water temperature. Additionally, the effect of reduced
flow rates by radiator thermostats were computed, because the cal-
culation with fixed flow rate return temperature can be done as
fully hand calculation if hourly heating needs are known. This small
detail, the fixed flow return temperature resulted in 4.5% lower SPF
value, showing the importance to use correct return temperature
corresponding to actual flow rates in radiators.

The results of this study indicate that calculation procedures,
which do not calculate the return temperature and use simple
assumptions in the condensing temperature calculation may lead
to underestimation of SPF by more than 10% in the case of radiator
heating.
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1. Introduction

Revised version of EPBD directive [1] enhanced the role of
European CEN standards and provided a mandate to update all
approximately 40 EPBD standards with the aim of helping to imple-
ment EPBD directive. This study focuses to one of these standards,
prEN 15316-2:2014 [2] that is in the public enquiry phase.

Overall movement towards low-energy and nearly zero-energy
buildings (nZEB) has created new challenge for heating systems.
EN 15316-1:2007 [3] divides heating system losses into four main
parts: generation, storage, distribution and emission—all these
parts have losses. In this paper we consider emission losses. The
scope of prEN 15316-2:2014 is to introduce energy calculation pro-
cedure and tabulated values for additional heat losses in the heat
emission system.

Previously emission losses have not been widely studied. The
reference study of EN 15316:2007 [4] reports tabulated values for
distribution and emission losses of 15% for temperature curves
55/45°C and 19% for 70/55 °C in residential building radiator heat-
ing system in Brussels. For low temperature heating systems we

* Corresponding author. Tel.: +372 56 461 251.
E-mail addresses: mikk.maivel@ttu.ee, mikkmaivel@gmail.com (M. Maivel).

http://dx.doi.org/10.1016/j.enbuild.2015.04.021
0378-7788/© 2015 Elsevier B.V. All rights reserved.

were not able to find any reference. Very old study [5] reports
additional emission loss up to 5% of the heat emission of radia-
tor in old buildings with poor insulation and less than 1% in new
buildings with good insulation. Recent heating system simulation
study showed that simulated losses in low-energy building were
significantly lower compared to tabulated values of the standard
[6]. Partly based on these results, a new updated prEN standard has
more alternatives for considering low energy buildings.

In addition several studies have been performed for comparing
different heat emission systems, especially floor and radiator heat-
ing. It has been concluded that a low-temperature heating system
improves thermal comfort [7]. CFD based steady state investiga-
tions have indicated that higher PPD is achieved by floor heating,
although low- and medium temperature radiator heating system
reach more steady air speed and temperature level in occupied zone
close to the window [8]. It has been shown that low-temperature
radiant panels can help to achieve 11-27% of energy compared con-
ventional heating systems [9]. Most of these recent studies were
prepared for conventional buildings and there are lack of relevant
studies for buildings with advanced building systems and well insu-
lated envelope elements.

Thermal comfort calculation and measuring standards ISO
7726 [10] and ISO 7730 [11] are based on the use of oper-
ative temperature as a general thermal comfort temperature.
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Nomenclature

nZEB nearly zero energy building

CEN The European Committee for Standardisation
EN European Standard

CFD computational fluid dynamics

PPD predicted percentage dissatisfied

ISO International Organization for Standardization
BAU business as usual

Operative temperature is not yet implemented in prEN 15316-
2:2014 methodology that calculates heating system losses from
air temperature. The use of operative temperature instead of air
temperature will cause a difference in the heat emission losses
depending on radiant temperatures in a room. In this paper we
analyzed dynamically the principal difference of air and operative
temperature control and derived correction factors for radiator and
floor heating allowing to consider the operative temperature effect
on emission losses. To enable exact comparison of heating systems
the emission losses were calculated by the dynamic simulation
where thermostats were controlled according to operative or air
temperature. Operative temperature control in principle results on
thermal state in a room that leads to exactly the same thermal sen-
sation by occupants, independently on 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 different
operative temperature.

Simple one room model with different number of external enve-
lope elements were used to analyze operative temperature effects
analytically. Because operative temperature depends on occupant
location in the room, different occupant locations were used to
assure the thermal comfort everywhere in the occupied zone. Oper-
ative temperature corrections and comparative analyses with the
tabulated values of the standard were conducted with two low
energy reference building simulation models.

2. Methods
2.1. Heating system emission losses by EN 15316-2

The methodology of the updated standard has been partly
changed. Current 2007 version [2] describes two possible ways
for calculation of emission losses: adopted from German regula-
tion DIN 18599 [12] energy losses of the heat emission system
and the second one adopted from French regulation RT 2005
[13]—equivalent increase in indoor temperature. Nevertheless the
losses themselves are the same, but can be expressed differently.
Emission losses include heat losses through the building envelope
due to non-uniform temperature distribution, control inefficien-
cies and losses of emitters embedded in the building structure. New
standard relies on the French method and all tabulated values are
described by the increase of indoor temperature. With this method,
equivalent temperature considering emission losses are calculated
from tabulated values with the following equation:

Ointsinc = Oint,ini + Abstr+ Abcirt! Abemp
+ Abrag + Abim + Aahydr + ABroomaut (1)

where 6in.ini —initial internal temperature (°C); Afs —spatial
variation of temperature due to stratification (K) which resulting
in an increased internal indoor temperature under the ceiling and
upper parts of the room (Eq. (2)); Af —control variation (K) vari-
ation depending on the capacity of the control device to assure an

homogeneous and constant temperature (the standard user should
choose from 6. (should be used for standard calculation if no
information are available)or A6, (should be used for calculation
with certified products); Afenp —temperature variation based on
an additional heat loss of embedded emitters in the envelopes (K)
(Eq. (3)); AB;,q —temperature variation based on radiation by type
of the emission system (K); Af;,, —temperature variation based
on intermittent operation and based on the type of the emission
system (K) (Eq. (4)), Afyyq; —temperature variation based on not
balanced hydraulic systems (K); Afroomaut —temperature variation
based on stand alone or networked operation room automatization
of the system (K); 0int.inc —temperature variation based on all losses
(K).
Absir = (2)

Stratification is influenced by over-temperature (Afs;.1) and
specific heat loss via external components (A#fg:2), (e.g. additional
heat loss from back-wall of radiator).

Abstrin + Absiro
2

Aeemb;l + Aeemb:2
Soembil ~ S emb2 3)

Embedded heat loss is to be formed from the data for the main
influence parameters system (A6emp:1) and specific heat losses via
laying surfaces (Afemb:2)-

Aeim = AHim;emt + ABim:ctr (4)

Aeemb =

where A6in.emt —temperature variation based on intermittent
operation on the type of the emission system (K); AOim.ce
—temperature variation based on intermittent operation of control

(K).
2.2. Reference buildings and heating solutions

Analyzed detached building has been previously used as a ref-
erence building in Estonian cost optimal calculations [ 14]. By small
changes the same model was modified to describe a section of a
multi-story apartment building. External wall in one end of the
building were made adiabatic, which means that the model unit
represents one apartment of a long building. Similarly, the exter-
nal roof was change to adiabatic, which means that the building
will continue upwards. In the transformation from detached house
to apartment building, the technical space and one small window
on the top left were “lost”—as the apartment building is more com-
pact. All other geometry of a house unit remained the same in the
transformation (Fig. 1). Main technical data for both buildings are
shown in Table 1.

Room set-point temperature of 21°C has been used in all
zones/rooms. Heating was controlled with outdoor air tempera-
ture compensated heating curve (the supply water temperature
increases to the maximum as the outdoor temperature decreases to
the design outdoor temperature) and with individual room control
with room thermostats. During the simulations two different heat-
ing curves for radiator heating were used 70/55 °C as a conventional
heating system and 45/35°C as low temperature heating system,
beside that 35/28 °C was used for underfloor heating system. 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. The models of controllers can be found from
[16].

In the detached house model, cooling system was not used, but
in the apartment building model, ideal coolers were used because
there are higher share of internal gains. Without cooling, it is prob-
lematic to keep the room temperature in a set point level of 25°C.
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Table 1
Basic data of the building.

Detached house Apartment building

U-value (W/(m? K)) Exterior wall

Roof

0.17 (lightweight)
0.14 (lightweight)

0.17 (heavyweight)
0.14 (heavyweight)

Ground floor 0.17 0.17
Windows (g=0.5) 0.8 0.8
Specific heat loss coefficient H/Anet (W/(m? K)) 0.58 0.44
Ventilation Ventilation (continuous) rate L/(s m?) 0.46 0.56
Leakage rate gsop m?/(hm?) 0.6 0.6
Usage (max=1) W/m? W/m?
Internal gains Occupants 0.6 2 3
Lighting 0.1 8 8
Equipment 0.6 24 3

Ideal cooler and heater were standard models from IDA-ICE library
and they are imaginary equipment which describes heating or cool-
ing need without system losses. Mechanical supply and exhaust
ventilation system with heat recovery (temperature ratio of 80%;
supply air temperature set-point +18 °C) was used in both models.
All energy calculation input data followed the Estonian regulation
of minimum requirements for energy performance [15].

The floor construction types used for floor heating are shown
in Table 2. Slab on the ground structure was the same in apart-
ment building and detached house, but mid-floor construction type
varied according to light-weight and heavy-weight structures.

In the case of floor heating it is necessary to calculate sepa-
rately losses caused by the ground or mid-floor. Overall calculation

scheme is shown in Fig. 2 for calculating emission losses from mid-
floor then the ground floor had an ideal situation e.g. heating system
based on ideal heaters. With this scheme additional losses from the
slab were eliminated that allowed to simulate only the mid-floor
losses. Afterwards mid-floor losses were eliminated to calculate
ground floor emission losses.

Calculations were done with dynamic simulation software IDA
Indoor Climate and Energy 4.6 [16]. This tool is carefully validated
and has advanced features for detailed building energy simulations
[17]. Two test reference years were used for outdoor climate, Esto-
nian TRY [18] and Munich [19]. Stratification losses were neglected
in this study, because of the use of mechanical supply and exhaust
ventilation. It has been previously shown that stratification is very

Table 2
Simulated floor construction type for apartment building and detached house.
Detached building
Wet system, 1st. floor Dry system, 1st. floor
S - to #e V. VAVAVAVAVAWAUAVAN
Mid-floor o - -
Parquet 8 mm Parquet 8 mm
Concrete 65 mm Screed 25 mm
Isolation 100 mm Aluminium fin 0.5 mm
Heavy isolatsion 25 mm
Isolation 100 mm
Wet system, ground floor ~ Dry system, ground floor
;},, 4q 4o i - V‘ PRV
VaAY VAV
Slab on
- 2 E T
wnd SO0 PEO-OIQ
Ny el - Parquet 8 mm
Parquet 8 mm Screed 25 mm
Concrete 65 mm Aluminium fin 0.5 mm
Heavy isolation 340 mm Heavy isolation 340 mm
Hollow-core slab 265 mm Hollow-core slab 265 mm
Apartment building
Wet system (65 mm), 1st. floor Wet system (100 mm), 1st. floor DFY System, 1st. floor
'— 4, 4 % 8 TN TR = LIy -
ARNANARK S50 IS SR '7\/\7‘.\"7V/\‘7Y7\ )
OO pppassaisey OO0
y 3 - ’ 3 y LN " g . K .
Mid-floor call ot i :)O O Q z i . L
Parquet 8 mm Y Dt )
Concrete 65 mm Parquet 8 mm
Heavy isolation 25 mm Parquet 8 mm Screed 25 mm
Hollow-core slab 265 mm Concrete 100 mm Aluminium fin 0.5 mm

Heavy isolation 25 mm
Hollow-core slab 265 mm

Heavy isolation 25 mm
Hollow-core slab 265 mm
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Fig. 3. Room model with one (left) and five (right) external elements (1...5 numbering of external elements).

small due to mixing caused by supply air and resulting in stratifi-
cation losses of about 0.60% or 0.06 K temperature variation [6].

2.3. Operative temperature analysis

Analytical operative temperature analyses for one room model
were conducted to analyze external envelope elements impact on
operative temperature with two different occupant locations. The
number of room external envelope elements varied between 1 and
5in calculations (Fig. 3). Basic input parameters of the room model
are shown in Table 3.

All calculations for different heat emission systems (conven-
tional radiator heating 70/55 °C; low-temperature radiator heating
45/35°C; floor heating 35/28 °C and situation where heaters were
100% convective) were made at constant indoor operative tem-
perature (+21°C) and constant outdoor temperature (—22°C).
Simulation itself were run for one day (24 h) period at constant
outdoor temperature with the use of two week startup period
with exactly the same outdoor parameters allowing to reach the

Table 3
Basic data of room model.

Low-energy BAU

building building
External wall (U-value) (W/m?2 K) 0.22 0.5
External wall with window (U-value) (W/m? K) 0.0001 0.0001
Window (U-value) (W/m? K) 1.1 2.9
External floor (U-value) (W/m? K) 0.27 0.27
Roof (U-value) (W/m? K) 0.28 0.5
Ventilation air rate (L/s m?) 0.5 0.5
Supply temperature (°C) 20 20

complete steady state with stabilized heating system and indoor
temperatures.

To study the pure room geometry effect on operative temper-
ature external components emission losses were eliminated both
for radiator and floor heating. For that purpose U=0.0001 was used
for the external wall and internal (adiabatic) floor was used in the
case of floor heating.

To calculate the operative temperature surface temperatures
were simulated with IDA-ICE. Mean air temperature as well mean
radiant temperature were calculated from surface temperature and
air temperature results analytically.

The mean radiant temperature was calculated according to the
procedure specified in ISO 7726:1998. For this purpose an angle
factors between a small plane element and the surrounding sur-
faces were used to calculate the plane radiant temperature, given
in Annex C of the standard. The mean radiant temperature was cal-
culated from the plane radiant temperatures in six directions and
the projected area factors for a person in the same six directions,
given in the Annex B of the standard. Afterwards the mean air tem-
perature was calculated as an average of the operative and the mean
radiant temperature.

In the whole building simulation with IDA-ICE operative tem-
perature calculation was simplified, because of limitations of the
IDA-ICE room model, which calculates limited number of view fac-
tors between the zone surfaces and an infinite small cube. For each
side of the cube only the view factor for the parallel surface directly
in front is calculated. The sum of this first set of view factors is not
1 and thus a second corrected set is obtained by dividing with the
sum of the first set [16]. This procedure led to up to 0.3 °C differ-
ences while occupant is in the center of the room according to our
analytical calculations.
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Table 4

Temperature variations with Pl-control according to tabulated values of prEN 15316-2.
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Temperature variation Radiator heating Radiator heating

Floo!

r heating wet Floor heating dry Floor heating wet 35/28°C

45/35°C 70/55°C 35/28°C (mid-floor) 35/28°C (mid-floor) (slab on ground)
Abintini 21 21 21 21 21
Absie 0.25 0.25 0 0 0
Abcr 0.7 0.7 0.7 0.7 0.7
AbBemp 0 0 0.4 0.25 0.4
Abraa 0 0 0 0 0
Abim 0 0 0 0 0
Abhyar 0 0 0 0 0
ABroomaut -0.5 -0.5 -0.5 -0.5 -0.5
Total 21.45 21.45 21.6 21.45 21.6

3. Results and discussion

3.1. Simulated vs. prEN 15316-2:2014 emission losses with 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 (partly based on VDI standard [20] and
Bauer thesis [21] and the total temperature variation calcu-
lated with Equation 1 are shown in Table 4 for investigated
buildings.

Results in Table 4 shows that in studied buildings there was
no difference between apartment building and detached house,
and the temperature variations for floor heating were the same
for mid-floor and slab on ground. Standard doesn’t distinguish cli-
matic location and the same tabulated values should be used in all
climates.

Temperature variation caused by emission losses is compli-
cated to simulate, because of fixed set-points. Therefore emission
losses in kW hs were simulated and temperature variation was
recalculated from the results simulated with different air tem-
perature set-points. This allowed to derive correlations between
losses and temperature variations, which depended on building
type and location. These correlation equations describe linear
dependence between emission loss value and set-point tem-
perature (i.e. the losses were computed at different set-point
temperatures with 0.1°C step, 21.1, 21.2...22 etc.). Two buildings
in two climates resulted in four formulas: for detached build-
ing in Tallinn ®&=0.0846n+0.012, Munich—®=0.06167+0.023
and for apartment building in Tallinn—® =0.05647+0.012 and
Munich—® =0.04367 +0.023 (where © is temperature variation K
and 7 is emission system loss %) (Figs. 4 and 5).

Radiator heating system emission and distribution losses were
comprehensively studied in previous paper [6], 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 5
and Fig. 6.

©=0.0846n +0.012
R?=0.9995

tion, K

el

200 : . : . .
6 8 10
Emission loss, %

12

Temperature variation, K

Table 5 compares PI control as an advanced control of heating
system and P control (without hysteresis and with proportional
band of 2 K) for radiator heating and on-off for floor heating as con-
ventional systems. In addition there are always on results with no
control to show the effect of self-control of floor heating, being
without any controller, flow always on during heating season and
heating curve dropped to avoid overheating. Results show that self-
control can be even more effective than P-control in a detached
house. In an apartment building, due to higher share of internal
gains it was not possible to set correct heating curve allowing to
keep the desired indoor temperature and the losses were higher.
Compared to PI, temperature variations with conventional control
were substantially higher especially for floor heating and it stressed
the importance to use advanced control systems to decrease energy
use.

Fig. 6 shows that difference in energy use between the standard
calculation and simulation was up to 8%. For radiator heating the
standard recommends to use slightly higher emission losses than
simulated. The overestimation is reasonable, 0.3-0.4K in equiva-
lent temperature that is on the safe side. In contrary for floor heating
system in detached house the standard tabulated values were too
low and the losses were underestimated that suggest to split the
tabulated values in the standard according to the thermal mass
(lightweight vs. heavyweight) of the building.

Floor heating system losses depend also on floor construction. In
Table 6 the results are shown by the building mass and construction
type as shown in Table 2.

Table 6 shows that beside climate also the floor type and build-
ing overall thermal mass affect emission losses. The results are in
line with Zhou [22] who has indicated that using different thermal
mass in floor construction have substantial effect for indoor cli-
mate quality and energy efficiency, and he has resulted that more
thermal mass ensure less temperature variations.

3.2. Operative temperature analyses

A single zone test room was used to analyze the effect of differ-
ent heat emission systems on operative temperature. Calculations
were started with one external wall and the number of external

12
©=0.0616n +0.023
10 R?=0.999 o~
o //
06
—

04 - /
0.2 /
00 &

0 2 4 6 8 10 12 14 16

Emission loss, %

Fig. 4. Derived formula for calculating temperature variation from emission losses in detached house in Tallinn (left) and Munich (right).
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Fig. 5. Derived formula for calculating temperature variation from emission losses in apartment building in Tallinn (left) and Munich (right).
Table 5
Simulated spatial variation of temperature (indoor air set-point temperature 21°C).
Heating system PI control (K) P (radiator)/on-off Always on-no control
(UFH) control (K) (K) (heating curve)
Detached house 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) 0.67 122 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)
Apartment building 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)
9
[S] E3
°2 219 8 .5
2 7%
e 6 E
8216 2
g L s g
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= Az
2213 3e
;; @ £
3 ly
g 210 0§
45/35°C  70/55°C UFH UFH 45/35°C  70/55°C UFH UFH 45/35°C  70/55°C UFH 45/35°C  70/55°C UFH &
35/28°C  35/28°C 35/28°C  35/28°C 35/28°C 35/28°C a
SG Wet  MF Wet SG MF MF Wet MF Wet
Tallinn Munich Tallinn Munich
Detached house Apartment building
mmSimulation WEN 15316-2 —e—Difference %
Fig. 6. Comparison of air temperature calculated with prEN 15316-2 and simulation with PI control (MF—mid-floor; SG—slab on ground).
Table 6
Floor heating system temperature variation by emission losses.
Floor type Construction method Wall mass Tallinn Munich
Detached building Apartment Detached building Apartment
building building
Slanb on ground Wet Lightweight 0.78 0.84
Heavyweight 0.72
Dry Lightweight 0.88 0.96
Heavyweight 0.73
Mid-floor Wet Lightweight 0.57 0.67
Heavyweight (65 mm concrete) 0.43 0.2 0.2
Wet(100 mm) Heavyweight (100 mm concrete) 0.12 0.14
Dry Lightweight 0.48 0.6
Heavyweight 0.3 0.2 0.19
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Fig. 7. Additional heating energy at —22 °C outdoor temperature relative to the case with the lowest energy with insulation level corresponding to a low-energy building.
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Fig. 8. Additional heating energy at —22°C outdoor temperature relative to the case with the lowest energy with insulation level corresponding to less insulated (BAU

building.

elements was increased up to 5 following the external element
numbering shown in Fig. 3. Two different occupant locations were
studied—in the center of the room like in standard EN 422 [23] and
0.6 m from the wall with window and radiator. The latter repre-
sents the borderline of the occupied zone, and in some cases this
location can be more critical compared to the center and therefore
needs to be checked in order to fulfill the operative temperature
requirement within the all occupied zone. Figs. 7 and 8 summarize
the results at —22 °C outdoor temperature for low-energy building
and less insulated BAU building.

While occupant is in the middle of room the emission losses
were not so sensitive for external construction type and the num-
ber of external walls. Best results were achieved with floor heating
(heat losses of the floor were neglected because of adiabatic floor
boundary condition). Moving 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 element the low-temperature radiator heating
system secured the lowest emission losses.

Previous simulations were made on steady state situation at
constant outdoor temperature (—22 °C). To analyze heating system
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2
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c 6
2
g 4 ~+UFH 35/282C
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w —a———p 0

0 * x * —100%

D 3 4 5 convective

No. of external elements

dynamics the annual simulations with PI-control were conducted,
which provided smaller differences but stronger effect of the occu-
pant position as shown in Fig. 9.

According to annual energy calculations while the occupant was
in the middle of the room losses were smallest still with floor heat-
ing, butin the cases were occupant is close to the radiator the lowest
losses were reached with low-temperature radiator heating system
independently of the number of external elements.

Operative temperature calculation components, mean air tem-
perature and mean radiant temperature are reported for the
steady state case in Fig. 10 showing that mean air tempera-
ture raised almost linearly while the occupant is in the center of
room.

To determine the correction of operative temperature which
will to ensure proper indoor temperature in the whole occupied
zone both occupant locations were considered. Operative temper-
ature at 0.6 m from external wall was calculated for the case which
had 21°C operative temperature with occupant in the center of
room and at the center of the room for the case which had 21°C
operative temperature with occupant 0.6 m from external wall
(Fig. 11).
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Fig. 9. Additional annual heating energy in Tallinn relative to the case with the lowest energy with insulation level corresponding to a low-energy building.
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Fig. 11. Comparison of operative temperature according to different occupant location at —22 °C outdoor temperature with insulation level corresponding to a low-energy

building.

Fig. 11 shows that while keeping the operative temperature
+21°C in the center of the room then the operative temperature
close to radiator is up to 1.4 °C higher, but in the case of floor heat-
ing the operative temperature is almost in the same level through
the occupied zone, however it very slightly decreases 0.6 m from
external wall. These results show that the critical occupant location
for the radiator heating is the center of the room, but 0.6 m from
external wall for the floor heating.

3.3. Heating system emission losses with operative temperature
control

The temperature variation was simulated with PI-control for the
cases described in Section 2 with the operative temperature control
(Fig. 12). As figured out in Section 2.2 for the floor heating system
the critical occupants location of 0.6 m from external wall was used
in addition to the default locations in the center of the rooms.
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Fig. 12. Air temperature and emission losses with operative temperature setpoint of 21 and PI-control C (UFH—underfloor heating, MF—mid-floor; SG—slab on ground) in

Tallinn.
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Fig. 13. Comparison of heating energy need in the case of low temperature radiator and floor heating systems with Pl-control in the apartment building in Tallinn.

These results include in addition to operative temperature effect
all other emission losses as described in Section 2. The operative
temperature control has increased the temperature variation in the
case of radiator heating, but in the case of floor heating changes
are in both direction indicating multiple effects of occupant posi-
tion and external walls in the real buildings. The results of 45/35°C
radiator heating and floor heating (0.6 m occupant location) are
illustrated with monthly balance of heating energy need in apart-
ment and detach building in Tallinn as shown in Figs. 12 and 13.
For the ideal heater without any losses 40% radiation share was
used.

Fig. 13 shows that the annual heating energy need difference
between floor and radiator heating is 2.9% (radiator heating annual
energy need was 3855 kW h and floor heating 3746 kW h, respec-
tively) 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.

In the detach house with light-weight structures the situa-
tion was vice versa and the low temperature radiator heating
showed 3.3% smaller heating energy need compared to floor heat-
ing (annual heating energy need was 7890 kW h for radiator heating

and 8155 kW h for floor heating) (Fig. 14).
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4. Conclusion

On the whole new updated space emission losses standard prEN
15316-2:2014 gives more accurate values than existing version,
and it is more suitable for low-energy buildings because of inclu-
sion of low temperature heating and a combination of mechanical
ventilation systems. However, the standard does not enable to com-
pare space emission solutions on the bases of the same operative
temperature and there are also some tabulated values which will
need revision to improve the scientific quality of the standard.

Our simulations with two low energy residential buildings in
two climates revealed that emission losses tabulated values for
radiator heating were on safe side with reasonable margin, i.e. over-
estimated by 3-4% in terms of annual energy use. The same did not
applied for floor heating system which losses were underestimated
for cases with lightweight structures and for slab on ground. Floor
heating revealed to be very sensitive on control and building ther-
mal mass. The heating energy use with the tabulated values was
underestimated up to 8% which calls for revision of the tabulated
values. Detailed simulations showed that the tabulated values of
the floor heating should be distinguished according to the thermal
mass of the building (lightweight vs. heavyweight) and the losses
to the ground need to be corrected. The results did not support the
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Fig. 14. in the same results as in Fig. 13 for the detached building.



M. Maivel, J. Kurnitski / Energy and Buildings 99 (2015) 204-213 213

approach of the standard to use the same tabulated control varia-
tion values for floor and radiator heating. In the case of PI-controller
this approach worked, but in the case of P-controller temperature
variation for floor heating was remarkably higher compared to the
value of radiator heating.

To make different heat emitters comparable it is needed to intro-
duce a correction factor for considering operative temperature,
what occupants feel. The use of the operative temperature setpoint
instead of air temperature one increased the temperature variation
in the case of radiator heating by 0.2-0.3 K and decreased it in the
case of floor heating by 0.1 K. However, in the case of floor heat-
ing the occupant location effect provided an additional increase
of 0.1 K which compensated the operative temperature effect, i.e.
no correction is needed for floor heating. For the radiator heating
the operative temperature variation of 0.25K is to be added, but
this increase falls well within the safety margin of about 0.35K of
current tabulated values.

The results allow to draw the following conclusions for com-
parison of the emission efficiency of the radiator and floor heating
systems when operative temperature effects are considered:

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

in the case of PI-control in heavyweight building the floor heating
showed higher emission efficiency with the difference of 0.1K in
equivalent temperature;

in the case of PI-control in lightweight building the radiator heat-
ing showed higher emission efficiency with the difference of
0.15K in equivalent temperature;

generally the differences with Pl-controller were so small that
radiator and floor heating can be considered equally efficient;
losses to the ground (slab on ground) added 0.2-0.5K temper-
ature variation on the top of the mid-floor value to the floor
heating;

differences between wet and dry floor heating with PI-controller
was only 0.1 K in temperature variation.

Acknowledgments

The research was supported by the Estonian Research Council,
with Institutional research funding grant IUT1-15, and with a grant
of the European Union, the European Social Fund, Mobilitas grant
no MTT74 and SA Archimedes-s grant 3.2.0801.11-0035.

References

[1] Directive 2010/31/EU of the European Parliament and of the Council of 19
May 2010 on the Energy Performance of Buildings, http://eur-lex.europa.eu/
LexUriServ/LexUriServ.do?uri=0J:L:2010:153:0013:0035:EN:PDF, Brussels.

[2] European Standard EN 15316-2:2014, Heating systems and water based
cooling systems in buildings—method for calculation of system energy require-
ments and system efficiencies—Part 2: Space emission systems. (heating and
cooling), CEN, Brussels, 2014.

[3] European Standard EN 15316-1:2007, Heating systems in buildings. Method
for calculation of system energy requirements and system efficiencies. Part 1:
General, CEN, Brussels, 2007.

[4] B.W. Olesen, M. de Carli, Calculation of the yearly energy performance of heat-
ing systems based on the European Building Energy Directive and related CEN
standards, Energy Build. 43 (2011) 1040-1050.

[5] H. Sauter, Leistungsminderung bei Heizkorperverkleidungen, in: HLH. Bd. 36.
Nr. 4., 1985.

[6] M. Maivel, J. Kurnitski, Low temperature radiator heating distribution and
emission efficiency in residential buildings, Energy Build. 69 (2014) (2014)
313-322.

[7] A. Hesaraki, S. Holmberg, Energy performance of low temperature
heating systems in five new built Swedish dwellings. A case study
using simulations and on-site measurements, Build. Environ. 64 (2013)
85-93.

[8] J.A. Myhren, S. Holberg, Flow patterns and thermal comfort in a room with
panel, floor and wall heating, Energy Build. 40 (2008) 524-536.

[9] M. Dovjak, M. Shukuya, A. Krainer, Exergy analysis of conventional and low
exergy systems for heating and cooling of near zero energy buildings, Strojniski
vestnik—]. Mech. Eng. 58 (2012) 453-461.

[10] ISO, Ergonomics of the thermal environment. Instruments for measuring phys-
ical quantities, in: ISO 7726:1998, 1SO, 1998.

[11] ISO, Ergonomics of the thermal environment—analytical determination and
interpretation of thermal comfort using calculation of the PMV and PPD indices
and local thermal comfort criteria, in: ISO 7730:2005, ISO, 2005.

[12] DIN V 18599-6. Energy efficiency of buildings—Calculation of the net, final and
primary energy demand for heating, cooling, ventilation, domestic hot water
and lightening, DIN, Berlin, 2011.

[13] Reglementation Thermique, Part of the French building regulation qua decret
no. 2006-592 dated 24 May, in: RT2005, 2005.

[14] J. Kurnitski, A. Saari, T. Kalamees, M. Vuolle, . Niemeld, T. Tark, Cost optimal and
nearly zero (nZEB) energy performance calculations for residential buildings
with REHVA definition for nZEB national implementation, Energy Build.43(11)
(2011) 3279-3288.

[15] Ministry of Economic Affairs and Communication, Minimum requirements for
energy performance, in: Regulation No 68, Ministry of Economic Affairs and
Communication, 2013.

[16] A. Bring, P. Sahlin, M. Vuolle, IEA SHC Task 22—Subtask B—Models for Build-
ing Indoor Climate and Energy Simulation, KTH, Building Sciences, Stockholm,
1999.

[17] D.B. Crawley., .JW. Hand, K. Kummert, B.T. Griffith, Contrasting the capabilities
of building energy performance simulation programs, Build. Environ. 43 (2008)
(2008) 661-673.

[18] T. Kalamees, J. Kurnitski, Estonian test reference year for energy calculations,
in: Proceedings of the Estonian Academy of Sciences Engineering, 2006, pp.
40-58 (2006. 12. 1.).

[19] American Society of Heating. Refrigerating and Air-Conditioning
Engineers. Inc., (ASHRAE) Handbook Fundamentals 2001, American
Society of Heating. Refrigerating and Air-Conditioning Engineers. Inc.,
2001.

[20] VDI 2067 Blatt 20:2000-08. Economic efficiency of building
installations—energy effort of benifit transfer for water haeting systems.

[21] M. Bauer, Methoden zur Berechnung und Bewertung des Energieaufwan-
des fiir die Nutzeniibergabe bei Warmwasserheizungen, University Stuttgart,
Stuttgart, 1999 (PhD-Thesis).

[22] G. Zhou, ]. He, Thermal performance of a radiant floor heating system with
different heat storage materials and heating pipes, Appl. Energy 138 (January)
(2015) 648-660.

[23] CEN, Radiators and convectors—Part 2: Test methods and rating, in: EN 442-
2:1996/A2:2003, CEN, 2003.



Maivel, M; Kurnitski, J (2013). Low Temperature Radiator Heating
System Detailed Dynamic Simulation - Distribution and Emission
Efficiency. CLIMA 2013, 11th REHVA World Congress and the 8"
International Conference on Indoor Air Quality, Ventilation and Energy
Conservation in Buildings. Prague, Czech Republic, on June 16 — 19,
2013. Elsevier.

143






Low Temperature Radiator Heating System Detailed
Dynamic Simulation - Distribution and Emission Efficiency

Mikk Maivel”, Jarek Kurnitski®

*Faculty of Civil Engineering, Department of Structural Design, Tallinn University
of Technology

Ehitajate tee 5, 19086, Tallinn, Estonia
'mikk.maivel@ttu.ee
%jarek kurnitski@ttu.ce

Abstract

According to the Energy Performance of Buildings directive 2010/31/EU after 31.
December 2020 all new buildings must be nearly-zero-energy buildings, that require
also high efficiency heating systems. In a cold climate space heating dominates in the
energy balance of residential buildings stressing the importance of low system losses.
In this paper low-temperature radiator heating systems and other options to reduce
distribution losses are studied. We modeled radiators, distribution pipes, connection
pipes in the dynamic building simulation software and conducted a fully dynamic
calculation for a model detached house with 8 calculation zones. All simulations were
conducted with dynamic building simulations software IDA-ICE 4.5. Input data was
from the reference detached house which was chosen to the Estonian cost optimal
calculations. Results show detailed recoverable and non-recoverable distribution and
emission losses. From non-recoverable losses distribution and emission efficiency of
the heating systems was calculated with selected system configuration and sizing
options. These efficiency values allow determining tabulated efficiencies values used
in energy calculation methods and building codes.

Keywords — low-temperatur radiator heating system; dynamic simulation;
distribution efficiency; emission efficiency; energy efficiency (key words)

1. Introduction

Widely used space heating systems in Northern climate are radiator and
floor heating systems or their combinations. Air heating systems aren’t
common and usually do not cover the heat losses of the building i.e. it is
necessary to have an additional heating system to ensure proper indoor climate
conditions according to CEN standard [1].

European Commission has issued a directive of 2010/31/EU [2]. The
objective of this directive is to promote the improvement of energy
performance of buildings. This directive requires a calculation of the energy



performance of the building including heating, ventilation, cooling and
lighting systems, based on primary energy. In a cold climate space heating
dominates in the energy balance of residential buildings (according to the
earlier research space heating accounts nearly 70 % of the whole yearly
detached building energy consumption [3]). It demonstrates the importance of
low heating system losses. Earlier investigations, which was based on the CEN
standards show that heating system losses are 10 — 20 % [4]. According to
CEN standard, there are three types of losses: system thermal losses; auxiliary
energy consumption; recoverable system thermal losses [5]. This paper
concentrates on system thermal losses which consist of distribution and
emission losses. Emission losses include heat loss due to non-uniform
temperature distribution (neglected because influence is small [6], but used
simulation software have possibility to consider it), heat loss due to heat
emitter position and heat loss due to control indoor temperature.

The model of detailed dynamic radiator heating system is used to compare
low-temperature radiator heating system with conventional radiator heating
system. Heat outputs from pipes and radiators are used to determine
distribution and emission efficiency of the studied systems.

2. Building and HVAC Systems

Analyzed building is typical recently built detached house, which has
been chosen in earlier study for reference building in Estonian cost optimal
calculations [7]. Investigated building is two-story with heated area of 178 m®.
Building has 3 bedrooms, sauna and living room together with kitchen (Figure
1). Main building elements thermal transmittance values are presented in the
Table 1. Room set-point temperature during analyze was 21 °C. Heating
system supply water temperature is outdoor air temperature compensated; i.e.
the supply water temperature increases as the outdoor temperature decreases.
Two temperature curves 45 °C/35 °C or 70 °C/55 °C were used (Figure 2, 3).
45 °C/35 °C will describe low-temperature curve and 70 °C/55 °C
conventionally used curve. There is no cooling system in the building.
Mechanical supply-exhaust ventilation system with plate heat exchanger (heat
recovery figure up to 80 %; supply air temperature during the winter +18 °C)
was used. Constant pressure circulation pump were used in all simulation
cases. All energy calculation input data follows the Estonian regulation of
minimum requirements for energy performance [8].



Figure 1 Analyzed building 3D view

Table 1 Thermal transmittance values for main building envelope elements

No. Building envelope element U-value (W/(m? K))
1 Exterior wall 0.17
2 Roof 0.14
3 Ground floor 0.17
4 Windows (g=0.5) 0.8

= Flow
"3 ==Reatum
Lingar
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35

Flow and return temperatures,
Flow and return temperatures, °C

25 4

Outdoor temperature, °C Outdoor temperature, °C

Figure 2 Studied heating curves, 45 °C/ 35 °C (left) and 70 °C/ 55 °C (right)

3. Method and Model Overview

All calculations were done with dynamic simulation software IDA Indoor
Climate and Energy 4.5 [9]. Outdoor climate is Estonian test reference year
[10]. Dynamic simulation model have 8 different zones (Figure 3), each room
have on zone. Internal gains (lightening, equipment, occupants) for zones
where all chosen from Estonian regulation of minimum requirements for
energy performance [8]. Unheated garage was eliminated because it doesn't
influence space heating demand.
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Figure 3 Analyzed building and location of zones and heating system

All rooms (except living room) have one radiator. All radiator connection
pipes are alupex-type pipe 16x2.0 (inner diameter 12 mm) and distribution
pipes alupex 20x2.25 (inner diameter 15.5 mm). Whole system consist two
collectors and 2-pipe system connection and distribution pipes. Connection
pipes are defined as the pipes located in the room where radiator is.
Distribution pipes are pipes which doesn't serve the room where they are
located (i.e. distribution pipes aren't connected with room heaters) (Figure 4).
Depending on the calculation case, pipes were not insulated, distribution pipes
were insulated or all pipes were insulated.

Zone - 1 Zone -2

Boiler / Heat pump

connection pipe

distribution pipe

Figure 4 Definition of connection/distribution pipes used in the heat output analyses.



The heating system was modeled with pipe and dynamic radiator models
(non-standard models) and the standard models were used for controllers,
boiler and circulation pump. The Pipe-model is based on ASHRAE handbook
heat transfer equations [11]. One important part of thermal losses can be
caused by control of indoor temperature. Because the study focused on
distribution and heat emitter losses, the PI (proportional-integral control)
controller providing almost ideal control was used. Comparative simulation for
P (proportional control) and PI (proportional-integral control) controller is
shown in Figure 5. Results shows that PI controller could keep more
accurately the room set-point temperature and avoid overheating which is
typical for P controller. PI-controller determines directly the radiator mass
flow up to the design mass flow, independently of available pressure (ideal
flow control) [12].

Week: from 2010-03-15 to 2010-03-21 Week: from 2010-03-15 to 2010-03-21

N
hd
i -

Mon Tue Wed Thu Fri Sat Sun

1760 1720 1800 1820 1840 1250 1880 100 192
-5— Mean air temperature, Deg-C

Mon Tue Wed Thy Fri Sat Sun
1760 1780 1800 1820 ., 1840 1880 1880 1500 193

Figure 5 The effect of controller type on room temperature (PI controller on the left; P controller
on the right)

The model with all pipe, controller and radiator components describes
accurately the real system and includes detailed radiator model, where
radiators have mass [12]. Radiators have real dimensions, location in room
(connected with the chosen external wall) and dynamic model takes into
account the additional heat loss from the backside of the radiator (model
calculates the difference of external wall heat losses from mean air
temperature and heat loss due to raised temperature by the radiator).

4. Results and Discussion

The reference, ideal heating system with which all other cases were
compared, was the model without pipes, without radiator mass and with
eliminated additional heat loss behind the radiators to back wall.12 cases with
different insulation options, controller types and temperature curves shown in
Table 2 were simulated.



Table 2 The reference (No 0) and other 12 simulation cases

Insula b
i Distributi
tion s i
on and Distribuiti
Control Tem emission on and
No. Radiator type ¢ E | emission
ype graph. DAl losses efficiency
(1/n), n
% 9
0 Ideal heater PI 45°C/35°C | -|-| - 0.00 1.000
1 Detailed radiator * PI 45°C/35°C | -|-| - 1.35 0.987
2 Detailed radlator (without PI 45°c/35°C | - | -| - 1.56 0.985
pipes)
3 Detailed radiator PI 45°C/35°C | -|-| - 1.63 0.984
4 Detailed radiator (no mass) PI 45°C/35°C | |-|- 1.68 0.983
5 | Detailed radiator (partly Pl |45°c/35°C | |-|-| 163 0.984
insulated) +
6 | Detailed radiator (insulated) PI 45°C/35°C e 1.57 0.985
7 Detailed radiator PI 70°C/55°C | -| -] - 7.21 0.933
8 Detailed radiator * PI 70°C/55°C | -| -] - 7.06 0.934
g | Detailed radiator (partly PL | 70°c/55°C [+ -|-| 661 0.938
insulated)
10 | Detailed radiator (insulated) PI 70°C/55°C | +| +| - 6.15 0.942
11 | Detailed radiator (insulated -1-1+ 6.00 0.943
100 mm) PI 70 °C/ 55 °C
12 Detailed radiator * P 45°C/35°C | -|-|- 10.38 0.906

*Radiator without additional heat losses behind the radiator to the back wall, and without pipes.
D — distribution pipe (insulation 40 mm); C — connection pipe (insulation 20 mm); A — all pipes
(insulation 100 mm).



In Table 2, also the main results, distribution and emission losses are
shown. The losses are defined as non-recoverable additional loss to space
heating energy need in %. The efficiency 7 is the reciprocal value, i.e. the
losses can be calculated as 1/m. For example, 7=0.97 equals to losses of
1/0.97=1.031, i.e. 3.1%. Simulated efficiencies of conventional heating curve
70 °C/ 55°C can be compared with EN 15316-2-1:2007 tabulated values.
These CEN standard tabulated efficiencies include the losses caused by
vertical air temperature profile; air temperature control; specific losses of the
external components (embedded systems) and distribution losses. For the case
no 7 with simulated efficiency of 0.93 the standard gives 0.91. [5]

In the cases with low-temperature heating curve (No. 1-6) the losses were
very small indicating that losses are mainly recoverable, because they almost
fully utilized in the rooms.

Boiler output compared to delivered energy in different zones were
analyzed in cases were different insulation levels were studied. Heat output
results from zones show that delivered energy differences in zones were
higher than it would be calculated with building based efficiency, e.g. in 70 °C/
55°C temperature curve building delivered energy losses were approximately 5
% (Figure 6), but to compare in one zone - Sauna the difference were even up
to 50 %.
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Figure 6 Deliverd space heating energy to zones in simulated cases (3,5,6 temp. curve
45°C/ 35°C and 7,9,10,11 temp. curve 70°C/55°C)

Comparisons of zone mean air temperatures in different cases help to
explain losses. Indoor air temperatures were compared in zone Sauna, were
delivered energy use differences were extremely high due to distribution pipe



heat emissions and Bedroom 2 where differences were trivial (Figure 7, Figure

8).
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High differences in delivered energy in Sauna and Bedroom 2 were explained
by elevated room air temperature. Because of that, in rooms next to Sauna
delivered heat is lower as Sauna has high heat losses to the neighbor zones.

In Bedroom 2 mean air temperature was a little bit higher with 70 °C/ 55°C
heating curve that is caused by higher share of radiation with higher
temperature curve.

Beside comparing delivered energy also heat emissions to the rooms were
analyzed in different simulation cases. Annual share of pipes and radiator
shows that more or less recoverable heat losses were in uninsulated cases
approximately 20 to 40 % (i.e. emitted heat comes to zone by pipes (depending
heating curve), but by insulated cases the recoverable losses were 10 to 15
(Figure 9).
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Figure 9 Distribution of heat emissions to the rooms

From the temperature curve in Figure 8 it may be expected that some
differences can be caused by radiation heat transfers. Figure 10 shows that the
heat emitted to room by the front panel of radiator is significantly higher with
70 °C/ 55°C heating curve.
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Figure 10 Distribution of radiators heat emissions



5. Conclusion

Emission heat losses of radiators in well insulated new detached house
were extremely low with PI controller. Heat emission from radiators (with
additional heat loss behind the radiator to the back wall) had efficiency of 0.99
with both temperature curves studied. Distribution efficiency with 45 °C/35 °C
heating curve was also remarkably high of 0.984. 70 °C/55 °C heating curve
caused much lower distribution efficiency of 0.933 caused by slightly higher
mean air temperature in few rooms and lower utilization of heat losses from
pipes. It may be concluded that studied low temperature radiator system (45
°C /35 °C) led to almost fully recoverable distribution losses even with not
insulated distribution and connection pipes in a detached house in a cold
climate. Emission losses of radiators with PI controllers were negligible in all
cases because of well insulated external walls.
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HEATING SYSTEM RETURN TEMPERATURE EFFECT ON HEAT
PUMP PERFORMANCE

M. Maivel, early-stage researcher, J. Kurnitski, Professor
Tallinn University of Technology
Tallinn, Estonia

Abstract. The revision of EPBD directive raises the role of increasing heating system
efficiency. Due to low primary energy consumption heat pumps will be one of the key
solutions for residential sector where district heating network are far. Statistical data shows
that heat pumps will replace fossil fuel boilers. The aim of the study was to quantify the return
temperature effect on heat pump performance. There are several studies for improving heat
pump efficiency on component level, but analyzing whole annual heating system efficiency
with detailed dynamical heating system model is previously not analyzed enough deeply.
Simulated results with IDA-ESBO heat pump model were compared to laboratory
measurements of a heat pump performance at different testing points. Based on
measurements the correlation between heating system flow/return temperature and
condensing temperature were derived. Results show that calculation with derived
condensing temperature correlation gave about 7% higher seasonal performance factor
compared to IDA-ESBO simulation model stressing the effect of relatively low return
temperature in a radiator heating system.

Key Words: dynamic simulation, heat pump seasonal efficiency, calculating SPF

List of nomenclature:

COP — coefficient of performance
SPF — seasonal performance factor

1 INTRODUCTION

Heat pump heating systems are popular and widely used for preparing domestic hot water
and space heating in all over the Europe especially in Nordic countries. By common solutions
heat pump is connected with floor heating system where temperature curve is lower than
conventional radiator heating system. According to recent study in low-energy buildings it is
also possible to use low temperature radiator heating system [1]. Radiator system
temperature drop is higher compared with floor heating and it insures lower return water
temperature, which have an effect on heat pump performance. Mostly existing heat pump
models does not consider return water temperature and they are more suitable for floor
heating systems.

Heat pump COP is influenced by working mode i.e. space heating or preparing domestic hot
water. This paper will concentrate on space heating mode therefore energy need for space
heating is dynamic process; energy need for domestic hot water is influenced by usage
profile. Heat pump performance testing is described in EN14511-2 [2]. IEA HPP
(International Energy Agency Heat Pump Program has launched Annex 28 to compare
different standards [3]. Karlsson work under IEA HPP Annex 28 include heat pump tests by
both standards and it resulted that the former standard EN 255-2 [4] gives higher COP
values compared to EN 14511-2 duo to mass-flows that were not defined in EN 255 and it
resulted in unrealistic low inlet condensing temperatures in a few testing points. According to
the EN 14511-2 heat pumps were tested at standard rating conditions temperature difference
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of 5°C (for outlet temperature up to 45°C). Karlsson'’s test results show that heat pump COP
is influenced by condenser inlet temperature (i.e. lowering return water temperature will
increase heat pump performance).

In this paper it is shown by dynamic simulation model that condenser inlet temperature have
an impact on heat pump COP. Many heat pump models are prepared to quantify the heat
pump performance in working conditions, but most of such models won't consider condenser
inlet temperature and are more suitable for systems with small delta T. The effect of large
temperature drops of a radiator heating systems are quantified in this paper.

2 METHODS

Two methods were used to calculate the heat pump performance as a function of heating
system flow/return temperature. In first step dynamic simulation were conducted with IDA-
ICE simulation software including a heat pump model. Afterwards, the laboratory test results
of heat pump performance were used to calculate heat pump performance manually.
According to measurements the correlation of the condensing temperature was derived to
calculate simplified heat pump seasonal performance ratio with simulated heating system
flow/return temperatures. Therefore, the derived correlation was applied for whole
building/heating system simulation model results, and the heat pump was operated with real
flow/return temperatures changing at each time step.

2.1 Dynamic Model of Heat Pump Heating System

Analyzed building is typical recently built detached house, which has been chosen in earlier
study for reference building in Estonian cost optimal calculations [5]. Investigated building is
two-story with heated area of 178 m? Building has 3 bedrooms, sauna and living room
together with kitchen (Figure 1, left). Main building elements thermal transmittance values
are presented in the Table 1. Room set-point temperature during analyze was 21°C. Heating
system supply water temperature is outdoor air temperature compensated i.e. the supply
water temperature increases as the outdoor temperature decreases. Low-temperature
radiator heating system has simulated by temperature curve of 45°C/35°C (Error! Reference
source not found.1, right). There is no cooling system in the building. Mechanical supply-
exhaust ventilation system with plate heat exchanger (heat recovery efficiency of 80%;
supply air temperature during the winter +18 °C) was used. All energy calculation input data
follows the Estonian regulation of minimum requirements for energy performance [6].

—Flow
s —Retumn

Linear

Outdoor temperature, °C

Figure 1 Analyzed building 3D view (left) and heating curve 45 °C/ 35 °C (right).

Table 1 Thermal transmittance values for main building envelope elements.

No. Building envelope element U-value (W/(m2K))
1 Exterior wall 0.17 W/(m2 K)
2 Roof 0.14 W/(m2 K)
3 Ground floor 0.17 W/(m2 K)
4 Windows (g=0.5) 0.8 W/(m? K)
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Detailed overview about dynamic heating system simulation model can be find in previous
paper [1]. Standard plant model were replaced to IDA ESBO plant model which include heat
pump calculation model [7]. Selected heat pump is common on-off type pump with variable
condensing temperature. Main parameters of investigated heat pump are shown in Table 2.
In radiator heating system equipped with thermostatic valves, the water mass-flow fluctuates
a lot and influences a temperature drop which is for most of the time much higher compared
to standard testing value of 5°C temperature difference (Figure 2 left). Constant pressure
circulation pump were used in all simulation cases and annual mass-flow in space heating
circuit is shown in Figure 2 (right).

Table 2 Basic information about heat pump.

Producer/type | IVT Greenline HTPlus

Power 5 kW

AtIog.eva. 8°C

AtIog.cond. 8°C

tbnne.in 0°C

tbrinerut -3°C

twaterAin 30°C

twater.out 35 OC

COPtest.condilions 4.3
45 0.08
© . 0.07
g ==Tflow ==Treturn « 0.06
T 35 - Poos
g So00s

30 2
g 30.03
5 o5 2 (.02
B 0.01
e 0.00
0 10 20 30 40 50 B0 70 &0 90 100 0 10 20 30 40 50 60 70 80 90 100
Time % Time %

Figure 2 Simulated flow and return temperature duration curves in radiator heating system
(left) and annual mass flow duration curve in space heating circuit (right).

2.2. Connection Scheme

On-off type heat pump model was connected to the heating system through stratification
tank. This connection has three circulation pumps (between ground loop and evaporator;
condenser and stratification tank and space heating system side pump). Stratification tank
have usually additional top heater because heat pumps normally have designed to cover
approximately 60% of heating power in design outdoor temperature [8] but in calculation the
additional heater was neglected and selected heat pump was sized to cover building heat
losses at design outdoor temperature which is in Tallinn -22 °C.
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Figure 3 Calculation scheme (E- evaporator; C- condenser; ST — stratification tank; SHS —
space heating system).

2.3. Basic Equations

The efficiency of heat pump can be expressed with the COP which is the quotation between
the useful heating capacity and the power input (Equation 1). The theoretical upper limit for
the COP of a heat pump operating between the condensation temperature and evaporation
temperature is expressed by the Carnot coefficient of performance. The real COP should
consider the compressor power factor or cycle efficiency (Equation 2).

COP. =g=7T2 +1 (1)
w T -T,
COP. is Carnot coefficient of performance; Q,is a useful heating capacity (W), Wis a power
input (W); T, is a condensing absolute temperature (K); 7, is an evaporating absolute
temperature (K).
COP, =COP. %17 (2)
CORP is real heat pump coefficient of the performance; 1 is device efficiency, which is in a

range of 0.4...0.6 for conventional domestic heat pumps [8].
Heat pump SPF was calculated by equitation 3.

_9
SPF =" (3)

where ¢@is produced energy by heat pump (kWh/a), P is used electrical energy for producing
energy (kWh/a).

2.2.1 IDA-ESBO simulation

In ordinary heat pump selection programs the condensing temperatures calculated from
condenser outlet temperature (heating system flow temperature). IDA-ESBO heat pump
model includes physical models of heat exchangers. Water side heat balance is given with
Equation 4 and heat exchanger with Equation 5. These equations allow to derive condensing
temperature equation (6).

Q =m*C,*(T,-T,) (4)

O, is heat flux from heat exchanger (condenser) W; m is mass flow in space heating circuit
kg/s; C,is specific heat of water (J/kgK); 7;,is return water temperature from space heating

circuit K; T, is flow water temperature from space heating circuit K.

g =uxas T2l
lnﬂ—ﬂj
TI_TIZ

U is condenser heat transfer coefficient W/ (m?K); A is condenser area m?; T, is condensing
temperature K.

11"EA Heat Pump Conference 2014, 12 - 16 May 2014, Montréal (Québec) Canada



Poster P.5.5 -5-

T=T, b2
(1—- EXP(~ )
m*C

V4
Equation 6 is illustrated in Figure 4 showing the dependency between return and condensing
temperature at constant flow temperature of 50 °C and constant heat exchanger
conductance of 200 W/K

54 54
53 53
52 52
=51 =51
50 50
49 49
48 48
25 29 33 37 41 45 25 29 33 37 41 45
T11 Tll

Figure 4 Dependency between return and condensing temperature in the case of constant
power of 1000 W(left) and constant mass-flow (right) of 0.012 kg/s at constant flow (T,,)
temperature of 50°C

2.2.2 Hand Calculations with Measured Correlation

In real heat pump working process condensing temperature is not conditionally constant i.e.
heat exchanger heat transfer is dynamic process. A correlation was derived for condensing
temperature as a function of flow and return temperature. For that purpose the laboratory
measurements were made for a domestic on-off type ground source heat pump with variable
condensing at constant flow temperature and heat pump heating capacity and four different
return temperatures.

3 RESULTS

Results are presented in two chapters. First, seasonal coefficient of performance value is
calculated with IDA-ESBO. Second part covers the derivation of variable condensing
temperature formula from laboratory test measurement and SPF calculation.

3.1. Constant Refrigerant Temperature Heat Exchanger
For making hand calculations with equation 1 and 2, heat pump annual efficiency 7 was first

calculated with IDA-ESBO simulation. Hourly 7 values calculated with equation 2 were in the
range of 0.50...0.63 with an average efficiency value 7= 0.57. In figure 5 corresponding

hourly COP values of IDA ESBO simulation; Carnot ideal process with equation 1
(evaporating and condensing temperature from ESBO results) and hand calculated with
equation 2 with heat pump efficiency of 0.57 are shown.

85 85
75 - 7.5 COP-ESBO
6.5 - 6.5
55 - —COP-ESBO 55 —COPcarnot
45 - [ WP —COPcarnot |~
LLBAS L 45 COPcalc.

3.5 WiadirTRY N e COPcalc.

Ty \J»T 35
2.5 ' r

JFMAMIJ JASOND 2.5

0 10 20 30 40 50 60 70 80 90 100

Figure 5 Hourly COP values (left) and the duration curve (right), calculated with simulated
evaporating and condensing temperatures.
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Results in Figure 5 show that hand calculation with constant heat pump efficiency value of
0.57 gave accurate results on annual bases. In next step, the condensing temperature was
calculated with equation 5 from flow/return temperatures, and the result is compared to IDA-
ESBO condensing temperature in Figure 6.

—T1-calculated °.55 —T1-calculated

—T1-ESBO €50 1 __11.ESBO

o
© 25

0 10 20 30 40 50 60 70 80 90 100
Time

JFMAMIJ JASOND

Figure 6 Hourly based condensing temperature values by IDA simulation and by handmade
calculation (left) and duration curve of condensing temperature values (right).

Differences exist, IDA-ESBO simulation provided average condensing temperature 39.8°C
and hand calculation 35.9°C. However, the differences mainly occur during summer and
period with very low heating need. From calculated hourly condensing temperatures, hourly
COP values were calculated with an average constant evaporation temperature of -8°C.
Figure 7 describes the difference of IDA-ESBO calculated hourly COP values from hand
calculated COP showing an annual average value of 3.80 vs. 4.12 respectively. Such a large
difference in COP values resulted only in minor difference in the seasonal coeficient of
performance being 3.48 in IDA-ESBO simulation and 3.44 in hand calculation (the difference
~1.2%). This shows that the difference of COP hourly values at low or missing heating need
did not affected the results.

55 5.5
—COP - calculated
5 5
—COP-ESBO
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Figure 7 Comparison of IDA-ESBO COP values with hand calculation (left- hourly values and
right the duration curve of COP values).

3.2 Condensing Temperature Correlation

Laboratory measurements data was used to describe the measured condensing temperature
as a function of heating system flow/return temperatures with simple correlation equation.
Results of the laboratory measurements with a flow temperature of about 50 °C for wide
range of return temperatures are shown in Table 3.
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Table 3 Laboratory measurement results (T2 — evaporating temperature °C) of the heat pump

performance.
T4 T Eji if::?: 0 Ty T2 Avg. KW Xglwuq;se U*A (adiator
Case 1 | 45.06 | -6.98 | 5.11 2.31 0.45 | 29.64 | 49.62 8.09 0.36 0.45
Case?2 | 46.98 | -6.69 | 4.96 | 2.15 0.43 | 35.38 | 50.05 7.94 0.48 0.36
Case 3 | 48.67 | -6.64 | 482 | 1.97 0.41 40.15 | 49.98 7.79 0.7 0.31
Case 4 | 50.88 | -6.87 | 4.61 1.81 0.39 | 44.99 | 50.01 7.56 1.33 0.28

Measured results show that the lower return temperature decreased the condensing
temperature resulting in higher COP,mo (Figure 8). Decrease of condensing temperature by
12.9% increased the COP by about 9%.
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Figure 8 Laboratory measurements showing the effect of return temperature on condensing
temperature and resulting COP in four measurement points.

Best fitting of condensing temperature as a function of flow and return temperature was
found. The equation T,=0.67T,,+0.36T;;+1.05 with slightly higher impact on flow
temperature, than the equation based on average of flow and return temperature, provided
the best R? value as shown in Figure 9.
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Figure 9 Condensing temperature correlation equation.

Hourly COP values calculated with the derived correlation (evaporating temperature was
taken again as a constant of -8°C) are shown in Figure 10. Heating system hourly flow and
return temperatures were taken from IDA ICE dynamic simulation. Average value of hourly
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COP values was 4.12. The data calculated with the correlation in figure 10 resulted in SPF of
3.72 which was 6.9 % higher than that of hand calculation result with condenser model
(SPF=3.44).
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Figure 10 Comparison hourly COP (left) and the duration curve (right) of hand calculation with
condenser model and derived correlation.

4 CONCLUSION

In this paper the heating system return temperature effect on condensation temperature of
the heat pump was quantified based on laboratory measurements and IDA-ESBO heat pump
model. Results show that IDA-ESBO dynamic simulation together with detailed outdoor
temperature controlled heating system model gave very similar SPF value than that
calculated with constant refrigerant temperature condenser model, 3.48 vs. 3.44 respectively.
Hourly calculation with derived condensing temperature correlation stressed the effect of
relatively low return temperature in a radiator heating system and provided about 7% higher
SFP value of 3.72.
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