














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).

Mean air temperature °C
(3] o o ) ") )
= (=) oo (=] (38 -

[
(39

20

314
627

g

1253
1566
1879
2192

-

505

2818
3131

3

3757
4070
4383
4696
5009
5322
5635
5948
6261

6574
6887
7200
7513

7826
8139

~

845

——case no. 2
——case no. 7
—Setpoint

Figure 7 Sauna mean air temperature duration curve in different cases (cases with different

30,5

o [
o o
n n

Mean air temperature °C

%)
&
n

)
12
n

[
L
o

temp. curves and different insulation levels).

p—

oV N—oObuVMN—oOcUVONO—~—oOWVNON -~ NO -~ VN~ WVnMN
:-n-—t\maoxoerhm;{m—@clw%“m-—hm? Og(‘lwmgv‘»-—
SNV O AN WVWOMWNWOMWOO®X—M 5'—"’\00"— [ o W~ ol
= ————ANANNONO NN T TN NN O O O~~~ 0000

——case no. 2
—case n0. 6
——case no. 7
——case no.

~——Setpoint

Figure 8 Mean air temperature duration curve in Bedroom 2 (cases only with different temp.
curves because Bedroom 2 haven’t distribution pipes i.e. case no 6 is equal to case no 2 and case

no 10 is eaual to case no. 7)




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.
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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
45 45
G 4
a
s} S 4
=}
35
—COP calculated 35
3 —COP-ESBO
3 —
25
] FM AM | J A S OND 2.5
0 10 20 30 40 50 60 70 80 90 100

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%.

55 6.2
- 6.1
50
6
b
v 45 - 5.9
=
E 40 | - 58 a
"éi - 570
30 ==T1]1 ==T12 e=T] «=COP Carnot 5‘4
25 53
1 2 3 4

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.

52
T,20.67T,,+0,36T;,+1.05
51 - 1 12 ] 11
R? = 0.9905 =
50 -

o
|

T, (measured)
F S N
o0
I

46 T,=0.37T,,+0.37T,,;+12.73
45 R?=0.862
44 T T T T T T
44 45 46 47 48 49 50 51 52

T, calculated)

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).

55 55
5 - 5 | em=COP (calc.var.)
N 45 - —COP (calcar.) a5 == OP (calc.const.)
o 4 - o
Q o
g4
3.5 —CoP
3 - (calc.const.) 3.5 1
25 3
JFMAMIJ JASQOND 55
0 10 20 30 40 50 60 70 80 90 100

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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