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1 Abstract: The growing market penetration of heat pumps indicates the need for a performance test
> method which better reflects the dynamic behavior of heat pumps. In this contribution, we developed
s and implemented a dynamic test method for the evaluation of the seasonal performance of heat
« pumps by means of laboratory testing. Current standards force the heat pump control inactive by
s fixing the compressor speed. In contrast, during dynamic testing, the compressor runs unfixed while
s the heat pump is subjected to a temperature profile. The profile consists of the different outdoor
»  temperatures of a typical heating season based on the average European climate and also includes
s temperature changes to reflect the dynamic behavior of the heat pump. The seasonal performance
o can be directly obtained from the measured heating energy and electricity consumption making
10 subsequent data interpolation and recalculation with correction factors obsolete. The method delivers
1 results with high precision and high reproducibility and could be an appropriate method for a fair
12 rating of heat pumps.

1z Keywords: heat pump; dynamic test method; seasonal performance factor; variable frequency drive;
1« field approximation; energy label; air source heat pump; ground source heat pump

s 1. Introduction

=

16 Improving energy efficiency in buildings is a major objective of energy policy makers and energy
17 researchers in recent years [1]. Space and water heating are of particular interest as their energy
1s  consumption already accounted for 31 % of the total European final energy use in 2015 [2] and is
1o predicted to further increase over the next decades [3]. For efficient and environmentally friendly
20 coverage of future space heating demands, heat pumps (HPs) have been identified as a promising
z technology in various studies. Connolly et al. [4] for example, presented a comprehensive scenario
22 in which HPs take on a key role in renewable energy systems. Mathiesen et al. [5] highlighted the
=3 fact that HPs increase the flexibility of energy systems. Improving the energy efficiency of HPs is of
2« particular importance as the energy consumption during operation accounts for the vast majority
2 of the total carbon dioxide equivalent emissions based on the life cycle climate performance. In the
26 case of air/air HPs, more than 70 % of the total carbon dioxide emission equivalents are caused
2z during usage [6]. Throughout a heating season most of the time the heat demand is lower than the
2e rated capacity of the HP. In order to improve the seasonal efficiency, inverter - driven HPs have been
2 launched on the market and steadily became more popular in the past years. These types of HPs can
30 adjust their heating capacity to the heat load by continously regulating their compressor speed by
s means of pulse width modulation (PWM) and pulse amplitude modulation (PAM) via the inverter.
sz Shao [7] showed that the proper modulation of the capacity to the heat demand significantly reduces
33 the power consumption of the HP; thus the compressor operating speed is essentially affecting the
s« performance of the HP [8]. Several studies confirmed the influence of the compressor speed on the
s capacity and thus control strategies via frequency adjustment of the compressor have been developed
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s [9-12].

38 To determine the energy efficiency of HPs by means of laboratory tests, various standards exist,
s such as (DIN) EN 14825, AS/NZS 3823 (AS/NZS, 2014) and ANSI/ AHRI Standard 201 /240 (AHRI,
a0 2008), ASHRAE 116-2010 (ASHRAE 2010), and JIS C9612 (JIS 2013) [13-17]. According to these
a  standards, a seasonal performance is determined from tests under one full load and various part
«2 load conditions to represent different heat demands during a heating season. In order to achieve
s steady - state conditions required by these standards, the HP control is forced inactive by fixing the
4« compressor speed. Thus, the control unit of the HP is not considered during the entire test. In addition,
s to prevent the HP from operating in ON/OFF - mode, the supply temperature is increased by an
s individual amount corresponding to the test specimen. As a result, the heating capacities are usually
a7 much higher than the prescribed heat demand and require a correction calculation with prescribed
ss corrector factors. For different HPs, the determined seasonal performance may not be comparable due
4 to the different supply temperatures.

50

51 Therefore, new approaches for the evaluation of the seasonal performance of HPs, including the
s2 dynamic behavior and the control of the unit, are crucial to make results more representative and
ss more comparable. There is only few literature that describes methods or approaches for the dynamic
sa testing of HP systems by laboratory means. But various studies exist which reproduced the seasonal
ss  performance of HPs via simulations [18,19], also considering operating parameters of the units control
se like the compressor frequency [20]. Menegon et al. [21] and also Haller et al. [22] developed dynamic
sz laboratory tests for the characterization of heating systems. Riederer et al. [23] developed a dynamic
ss test specifically for ground source heat pumps (GSHPs) considering dynamic weather conditions,
so occupancy profiles and a reference building. Huchtemann et al. [24] followed another approach
e and developed a dynamic test on a Hardware-in-the-Loop (HiL) test bench which can be applied
e for GSHPs and also air source heat pumps (ASHPs). He observed deviations between measured
ez performance and the manufacturer declared performance, which were determined with standard tests.
es  Mavuri [25] obtained similar deviations testing air/air HPs under steady-state conditions with unfixed
es compressor speed, thus considering the modulation control unit of the HP. He determined the seasonal
es performance from the BIN method, which is well known for the evaluation of seasonal behavior [16].
es He calculated the seasonal performance from the interpolation of results measured under certain
ez part load conditions and did not consider temperature changes. However, to adequately predict
es the seasonal performance of HPs by means of laboratory performance tests, the whole temperature
e oOperating range during a heating season should be considered, which would be from —10°C to 15°C
7 for the average European climate, for example.

72 In this study, we propose a new test method using a dynamic approach to determine the seasonal
73 performance of HPs. The method is in line with the state of the art of HP technology, considering
7a the HP’s dynamic control behavior. Thus, this method could help to distinguish between HPs with
s efficient and less efficient control systems and would give manufacturers the impetus to optimize their
76 control systems.

7z This article is structured as follows: Section 2 gives a comprehensive background of the test setup.
s Section 3.1 provides the main background information on the method of the dynamic test. Section
70 3.2 shows the results of two HPs tested with the dynamic method. In particular, the feasibility
s and reproducibility of the dynamic tests are examined. In section 4, the results are discussed and
a1 the advantages and disadvantages of the dynamic method compared to the standard method are
sz elaborated, recommendations for further investigations are given. Section 5 gives a short conclusion of
es the main research results.
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sa 2. Materials and Methods

85 The dynamic test can be performed with a conventional HP - test bench that is used for testing
s according to EN 14825. A scheme of the test setup is shown in the Appendix in Figure Al. For
ez both, ASHP and GSHP, the test bench consists of a cooling apparatus, a source and a heating side.
s« The design of the cooling apparatus of the test bench and the heating side are independent of the
s type of test specimen. The cooling unit represents the heating demand of the reference building by
o0 extracting a variable amount of heat from the heating circuit depending on the corresponding test
o1 conditions. The heating circuit can thus be flexibly adapted to the required conditions, the required
»2 compensation load can be applied to the HP condenser to remove the required heat amount from the
os  HP. The compensation load is controlled and adjusted by varying the volume flow V;, on the heating
o« side. Both the supply temperature ¥ and the temperature difference between the supply and the
os return ¢ — ¢, however, remain constant as long as the set outdoor temperature remains unchanged.
os The heating capacity Qj, is determined according to Equation (1).

Qh = Vw Cpuw - (195 - 191*) (1)

o7 For the specific heat capacity ¢, we assumed a constant value of 4.182k]J kg~ ! K™! for all

es Operating conditions [26].

oo The test setup on the source side differs depending on whether we are testing GSHPs or ASHPs. In

10 the case that an ASHP is tested, the outdoor unit of the test specimen is located in a climate chamber
11 and subjected to the outdoor air temperature. The required outdoor air temperature and the relative
12 humidity are provided directly by the conditioning system of the climate chamber. In the following,
103 the term outdoor temperature 9, refers to the outdoor air temperature. If a GSHP is tested, the required
10s heat and temperature on the source side are provided by a system that treats the brine or water
15 according to the desired conditions. The supply temperature on the source side is 0 °C at any time
106 during the test, regardless of the given outdoor temperature &,.
17 The voltage U and electric current I are measured by a potentiometer and ammeter at the power
10s connection of the HP. From this, the total electric power consumption of the HP P, is finally determined
100 as the product of voltage and current. It includes the compressor power P, the power for the auxiliary
1o system of the HP P, (control unit, liquid pumps, lights, etc.) and the fan power of the outdoor unit P,
w1 (for ASHPs only) according to Equation (2):

Py=Y P.=P.+P+D, )

112 For the calculation of the seasonal performance, the heating energy Qj;, provided by the HP and
us  the required electric energy consumption E,; during the entire test period are put in proportion. The
us heating energy is given by Equation (3) as the integral of the measured heating capacity curve; the
us  electric energy consumption is given by Equation (4) as the integral of the measured electric power

116 Curve:
Q= [ Qi ©
Ea= [ Padr 4)
117 The seasonal coefficient of performance (SCOP) for the dynamic test is defined as the ratio of

ue heating energy measured to the amount of electricity consumed over the entire measurement period
ue  as described by Equation (5):

Qn

SCOPyy = £
e
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120 The seasonal space heating energy efficiency ;s reflects the SCOP in relation to the primary energy
121 consumption and is calculated from Equation (6):
SCOPyyn . ,
qsz-IOO % — Y _F(i) (6)
122 For the consideration of the primary energy consumption, the conversion coefficient CC! is used.

123 According to the Commission Delegated Regulation (EU) No 811/2013 [27], the correction factor
122 ) F(i) is used for further contributions accounting for temperature controls and, in case of GSHPs, the
125 electricity consumption of the ground water pump(s). Y F(7) is 8 % for GSHPs and 3 % for ASHPs [13].

127 The COP is calculated from the average values of heating capacity Qj, and electric power
12s consumption P, of the examined sequence:

Qn
COP = — 7
P, @)
120 Figure 1 shows the methodological differences between the dynamic test and the steady - state

130 test according to EN 14825. For the steady - state test (Figure 1a), the test bench provides the required
11 conditions on both, sink side and source side. The HP control is forced inactive by fixing the
1:2  compressor speed. This enables steady - state conditions for the heating capacity and the electric
133 power consumption at all times. For the dynamic test (Figure 1b), the HP drives unfixed via its heating
13a  curve and its capacity modulation (VFD or ON/OFF operation). It actively regulates the required sink
135 side conditions in dependency on the given outdoor temperature. The test bench supportively reacts
136 by providing the required conditions for compensation load and return temperature on the sink side
137 and the outdoor temperature/brine temperature on the source side.

(a) (b)
STEADY-STATE MEASUREMENT DYNAMIC MEASUREMENT
Outdoor temperature Outdoor temperature
19OR 19OR
’ \ / \
 \ / \
Y ¥ P y
Reactio Actio
HP Test benc HP
Actio Reactio
\ / AN
Test bench predominantly controls HP predominantly controls
the required sink side conditions the required sink side conditions

Figure 1. Methodology of (a) the steady - state test according to EN 14825 and (b) the dynamic test.

138 3. Results

130 3.1. Concept of the dynamic method

140 The dynamic method is based on several individual compensation measurements at different
11 source temperatures (outdoor temperatures 9,). The individual temperature sequences of the outdoor
12 temperature are combined to form a temperature profile which represents the average (temperate)

1 Conversion coefficient (CC) means a coefficient reflecting the estimated 40 % average EU generation efficiency referred to in

Directive 2012/27/EU of the European Parliament and of the Council; the current value of the conversion coefficient used
for the energy label and minimum performance standards is CC = 2.5.
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13 climate in Europe according to the EN 14825 [13]. During dynamic testing the control of the HP
1aa  (variable frequency drive (VFD) or ON/OFF operation) is active during the whole measurement. The
145 heating capacity is controlled via a compensation load given by the test bench on the sink side. The
s seasonal performance can be obtained directly via an energy balance.

148 To determine the seasonal performance according to the dynamic method, the HP is subjected
s to various conditions on the source side and the sink side. Based on the test conditions given in EN
150 14825, the conditions on the sink side, the part load ratio (PLR) and the supply temperature ¥;, are a
151 function of the outside temperature. The Equations (8) - (10), used for our measurements, are based on
152 the linear correlations described in EN 14825. The PLR is defined as the ratio of the heating capacity
153 Qh/pLR at outdoor temperatures higher than -10 °C to the nominal heating capacity Qh,lOO% at the
1sa  specific outdoor temperature of -10°C. Further, it is a function of the outdoor temperature according to
15 Equation (8):

PLR = 2MPLR _ 0614 — 0,039 - 9, (8)
Qn,100%
156 The supply temperature for medium temperature level correlates with the outdoor temperature
17 as follows:
—0, +45°C if 9, < -7°C
Os, medium = § —1.118, +44.22°C if —7°C < ¢, < 1°C )

—1.200, +44.40°C if1°C < 9,
158 The supply temperatures for low temperature level are determined according to Equation (10):
—0.678, +28.33°C ifd, < -7°C

O 10w = 4 —0.338, +30.67°C if —7°C <8, <1°C (10)
—0.608, +31.20°C if 1°C < ¥,

159 The main criteria for a well - designed test method are representativeness, comparability among
10 different appliances, costs of the measurement and reproducibility [28]. The outdoor temperature
161 profile for the dynamic test was developed with regard to these criteria as follows:

12 1. The outdoor temperature profile shall represent the average European climate according to the

163 mean occurence of each temperature from the EN 14825. Therefore, the temperature range of the
168 profile is between —10 °C and 15 °C and the duration of each individual outdoor temperature
165 corresponds to the weighting from the BIN distribution.

1es 2. The test duration per temperature sequence shall be chosen to maintain high reproducibility, in
167 particular, for certain operating conditions such as defrost cycles.

1ee 3. The total test period and the expenses of the dynamic test should be at least equal or less compared
169 to current standard tests.

170 4. The profile should take into account both an increase and a decrease of outdoor temperature and
e thus reflect the behavior of the HP during changes of the day temperature.

172 For this study, we chose the duration of each temperature sequence to be at least five hours which

13 results in total test period of six days (144 hours). Figure 2 shows the outdoor temperature profile over
17a  the entire test period of six days as well as the supply temperatures and PLRs, the latter both set as a
175 function of the outdoor temperature according to Equations (8) - (10).
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Figure 2. Profiles of the outdoor temperature (red line), supply temperature at medium (blue solid line)
and low level (blue dashed line) and the corresponding part load ratio (yellow line).

wre  3.2. Experimental data

177 In this study, we show the results of two HPs tested according to the dynamic method in two
17e  different accredited test laboratories (labl and lab2) over the period October 2018 to January 2019. We
170 have tested two different methods to provide the outside temperature to the heat pump. For the first
1o method (labl), the heat pump determines the outdoor temperature directly via its temperature sensor,
e which is installed in a climate box running the outdoor temperature profile shown (see Figure 2). For
12 the second method (lab2), the measurement sensors of the heat pump are bypassed by setting the
13 outside temperature by means of a variable electrical resistance. The two methods will be examined
12a  in section 3.2.3 with regard to their impact on the HP’s behavior and on the test results. In order
s to demonstrate the feasibility of the dynamic method for all types of HPs, we performed tests on
1es  both, GSHPs and ASHPs. Table 1 gives detailed information about the two test specimen. Both HPs
1.z were subjected to the outdoor temperature profile shown in Figure 2. The seasonal performance was
s calculated according to Equations (5) and (6).

Table 1. Detailed Information of the HPs tested with the dynamic test method.

HP# HP type Rated heating capacity (kW) Declared 75 (%) Temperature level (°C)

1 GSHP 8.2 144 55
2 ASHP 9.2 156 35
189 During the test, the outdoor temperature, the supply temperature, the heating capacity and

100 the electrical power consumption were recorded with a measurement every ten seconds. Figure 3
101 exemplarily shows the measurement results of the dynamic test with the climate box for HP#1. For
192 a comparison between measured values and set values, the latter are also shown in Figure 3. On
103 the source side, the measured outdoor temperature (Figure 3a) followed the setpoint values during
10s the entire test period. On the sink side, the supply temperature (Figure 3b) reacted to the variation
15 of the outdoor temperature via the HP’s control according to the correlations which are given in
s Equation (9) and depicted in Figure 2. The supply temperature was close to the setpoint values for
1z most of the time. However, it does not reach the set points at both particularly high and particularly
10e  low outdoor temperatures, i.e. at low and at high PLRs. The measured heating capacity (Figure 3c)
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Figure 3. Results of the dynamic test for HP#1 (GSHP) using the climate box: (a) outdoor temperature
,; (b) supply temperature 9s; (c) heating capacity Qy; (d) electrical power consumption P,;; (e)
cumulated energies (thermal Qj and electrical E,).
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100 generally follows the given heating curve, but is on average slightly higher than the setpoint values,
200 with the exception of the last sequences where PLRs get close to 1. The average heating capacity partly
201 deviates from the set values, especially with particularly low PLRs. The electric power consumption P,
202 (Figure 3d) increases with increasing heating capacity and vice versa as the HP adjusts the compressor
203 speed to the heating demand continously via VFD or via ON/OFF operation. Figure 3e shows the
20s cumulated heating energy and the cumulated electric energy consumption. At the end of testing, HP#1
20s in total provided an amount of heating energy Qj of 711.79 kWh with an electricity consumption E,; of
206 218.69 kWh. The energy balance results in a SCOPy,, of 3.25 or rather a seasonal space heating energy
207 efficiency #s of 122 % according to Equations (5) and (6).

208 3.2.1. Tests with GSHP

200 In the following, the behavior under full load conditions (PLR=1) and part load conditions
20 (PLR=0.15) is shown for the tested GSHP (HP#1). Figure 4a shows the total of six hours of measurement
2 data acquisition of outdoor temperature, supply temperature, heating capacity and electric power
212 consumption for HP#1 at set outdoor temperatures of -9 °C and -10 °C.

(a) HP#1 (GSHP), PLR = 1 (b) HP#1 (GSHP), PLR = 0.15
T T T
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Figure 4. Measurement of a GSHP at (a) rated capacity (PLR =1) and (b) part load (PLR =0.15) using
the climate box.

213 The measured average outdoor temperature corresponds to the required setpoint temperature at
zs any time. The supply temperature likewise follows the given setpoint temperature, but does not reach
a5 the required values as it is slightly lower on average than the setpoint temperature. For an outdoor
zue  temperature of -9 °C, the average heating capacity is at the set values, but for -10 °C, the average
21z heating capacity is again slightly lower than required.

2 The control behavior of HP#1 at an outdoor temperature of 12°C (PLR =0.15) can be deduced from the
210 measurement data curves shown in Figure 4b. Both the average outdoor temperature and the average
220 supply temperature meet the required set points. In addition, the temperature curves are continuous
2z and are not subject to any fluctuations. The measured heating capacity approaches the required heating
222 capacity only during a short phase of approximately one hour and is significantly higher than the set


http://dx.doi.org/10.20944/preprints201903.0141.v2

Preprints (www.preprints.org) | NOT PEER-REVIEWED | Posted: 15 March 2019 d0i:10.20944/preprints201903.0141.v2

90f 16

223 heating capacity for the rest of the temperature sequences. Both the heating capacity and the electric
224 power consumption show a continuous development. Only temporarily the HP adjusted the heating
225 capacity to approach the set values.

26 3.2.2. Tests with ASHP

227 As described in section 3.2.1 the same six hours of data acquisition at PLRs of 1 and 0.15 are
222 shown for HP#2 (ASHP) in Figure 5. Significant differences in comparison to the data curves of HP#1
220 (GSHP) shown in Figure 4 can be observed.

(a) HP#2 (ASHP), PLR = 1 (b) HP#2 (ASHP), PLR = 0.15
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Figure 5. Measurement of an ASHP at (a) rated capacity (PLR =1) and (b) part load (PLR =0.15) using
the climate box.

230 At full load (Figure 5a) a cyclic behavior, caused by defrosting processes at the evaporator, is
21 observed for all measured parameters. The average outdoor temperature provided by the test bench
232 matches the required values. It fluctuates at cyclic intervals as a result of the defrosting phases caused
233 by the HP’s control behavior. The average supply temperature is achieved at some measuring points
23a but is slightly lower on average. The required heating capacity is achieved and provided by HP#2, but
235 the defrosting cycles lead to temporary negative heat flows. As a result, the average heating capacity
236 is also lower than the set values. The regulation of the compressor can also be observed by the course
237 Of the electric power consumption, especially during defrost cycles.

23 The measurement data curves of the ASHP (HP#2) in Figure 5b again show considerable differences
239 compared to the measurement data of the GSHP (HP#1) in Figure 4b, since a cyclic behavior is observed
200 for all parameters. The average values of the measured temperatures are higher (supply temperature)
2a1 or lower (outdoor temperature) than the set temperatures. However, the minima and maxima of the
2a2 temperature cycles are close to the set values, respectively. The heating capacity fluctuates considerably
2e3  around the given set value and reaches amplitudes of approximately 5-7.5kW (£ 200 %). The average
2as  heating capacity however corresponds to the set heating capacity, since the phases with excessively
2es  high heating capacity are compensated by phases with no or even negative flow of heating energy. For
26 all parameters, the frequency of the cycles are identical.
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2az 3.2.3. Precision of the dynamic test method

248 The criteria chosen for the design of the dynamic test method were representativeness,
2e0 comparability among different appliances, costs of the measurement and reproducibility (see section
20 3.1). The latter is discussed more in detail in this section with particular focus on the use of the climate
=1 box and the electrical resistance. We repeated the dynamic tests for HP#1 and HP#2 in different
22 laboratories. For HP#2 we performed the dynamic test using the climate box twice in the same
263 laboratory (lab 1) to conclude for repeatability. Figure 6a shows the results of these tests, more precisely
zss  the determined cumulative heating energies and cumulative electric energy consumptions.
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Figure 6. Cumulated heating energy and cumlated electric energy consumption of (a) HP#2 measured
two times in the same laboratory and (b) HP#1 measured in different laboratories, Lab1 and Lab2,
respectively.

285 The set heating energy represents the ideal case that the heating capacity provided by the HP
=6 Mmeets the exact heating demand at all times. HP#2 apparently covers the heating demand almost
=7 ideally for both tests, i.e. it neither generates too little nor too much heat. The tests resulted in
zs  cumulative heating energies of 650.58 kWh (labl) and 646.96 kWh (lab1), respectively. The cumulated
20 electric energy consumption differs only slightly for both measurements, with values of 192.39 kWh
200 and 188.95kWh, respectively. According to Equations (5) and (6), the cumulated energies result
261 in the seasonal space heating energy efficiencies 75 of 132.28 % and 133.96 %, corresponding to an
22 intra-laboratory precision (repeatability) of 0.63 %.

20s  For HP#1 we performed the dynamic test once in two different laboratories to conclude for
2ea  reproducibility (lab 1 using the climate box and lab 2 using the electrical resistance). Figure 6b shows
2es  the results of these tests. In both laboratories, the determined electric energy consumptions are similar,
2es  With values of 218.69 kWh (lab 1) and 198.00 kWh (lab 2), respectively. In contrast, the amount of
2z heating energy produced by HP#1 differs between the two laboratories. As HP#1 strictly follows
20 the heating demand (set heating energy) in laboratory 2, it produces excess heat during the tests in
200 laboratory 1. According to Equations (5) and (6), the cumulated energies result in the seasonal space
270 heating energy efficiencies of HP#1 to 122.20 % (lab 1) and 109.96 % (lab 2), which corresponds to an
= inter -laboratory precision (reproducibility) of 5.01 %.
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27z 4. Discussion

274 The dynamic method achieves high repeatability and the inter-laboratory deviation
25 (reproducibility) is at an adequate level. The deviations of the heating energies between laboratory 1
276 and 2 in Figure 6b could be explained by the fact that the set outdoor temperature was assigned to the
2z HP in different ways. In laboratory 1, the HP detected the temperature directly via its temperature
zre  sensor using the climate box, whereas in laboratory 2 the temperature was given to the HP via an
270 electrical resistance. The test with the electrical resistance implicates that we obtain results which are
20 independent from the quality of the temperature sensor and thus possible sources of uncertainties are
21 reduced. Testing using the climate box with the temperature sensor being active, however, enables to
22 record the control quality of the HP in its entirety. This would be closer to field conditions compared
2e3  to when using an electrical resistance. In the case of HP#1, for example, Figures 3b and 3c show the
2sa  hysteresis that occurs by comparing setpoint and actual values of the sink side parameters at low and
2es  high outdoor temperatures (low and high PLRs). This could occur because the outdoor temperature
2es detected by the HP differs from the actual outdoor temperature. Most likely the reproducibility can
2z be further improved using the same methods to provide the outdoor temperatures (via electrical
2es  Tresistance or via climatic box). Furthermore, from the test results a coninous behavior, even during
2se  ON/OFF - operation was observed (see Figure 5b) and thus the test duration could be sigificantly
200 shortened without losing precision.

202 The comparability of various HPs could be a significant advantage of the dynamic method in
203 comparison to current standards like EN 14825. Figure 7 shows the heating capacity of five HPs,
204 determined according to EN 14825, and the demanded heating load (set value) required for the
205 respective outdoor temperatures.
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Set Outdoor Temperature, 3, (°C)

Figure 7. Average heating capacity determined according to EN 14825 (fixed compressor speed) of
several HPs, including HP#2.

206 Although these HPs were all tested at fixed compressor speeds according to the manufacturers’
207 instructions, they could not meet the required heating capacity for most of the tested operating points.
208 At low outside temperatures, HP#3 and HP#5 could not achieve the required heating capacity within
200 the permissible deviations according to EN 14825 (£10 %). This is due to the HPs’ specification of the
;00 bivalence temperature. Below this particular temperature, the HPs cannot provide the amount of
s demanded heating capacity by themselves and thus would need additional support by an electric
302 heater in the field. In our case, we observed bivalence temperatures at 2 °C (HP#3) and —7 °C (HP#5).
;03 At higher outside temperatures all HPs generally provide higher heating capacities than required. The
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s deviations at outdoor temperatures of 7 °C and 12 °C can be directly attributed to the methodology
s0s  of EN 14825. According to the EN 14825, the supply temperature is increased whenever ON/OFF
s0s Operation would occur thus circumventing OFF - sequences. This consequently results in an increase
sor  of heating capacity. If the heating capacity is more than 10 % higher than demanded, the EN 14825
s0s requires to adjust the coefficient of performance (COP) with prescribed correction factors 2.

310 Figure 8a shows the comparison of the heating capacities of HP#2 for different outdoor
s temperatures, determined with the dynamic method (unfixed compressor speed) and with the standard
a2 method EN 14825 (fixed compressor speed).
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1 1 1 1 1
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Figure 8. (a) Average heating capacity and (b) COP results of HP#2 for different PLRs determined with
the dynamic method (unfixed compressor speed: VFD or ON/OFF operation) and according to EN
14825 (fixed compressor speed).

313 At PLRs higher than 0.54 the HP operated with variable compressor speed during the dynamic
as  test. For PLRs lower than 0.54 we observed ON/OFF operation. The heating capacities of the dynamic
a5 method are the average values of the entire respective temperature sequence, including the periods of
a6 OFF operation and the stabilization phase at the beginning of each sequence. The consideration of
a1z the stabilization phase is permissible as the small fluctuations during the stabilization phase can be
ae  neglected. It is shown that the heating capacities determined with the dynamic method are close to the
;19 demanded heating load, whereas in the standard test an excessive heat can be observed at low PLRs
;20 due to the aformentioned methodology of EN 14825. Figure 8b shows the corresponding COPs for
sz the dynamic method and for the standard method EN 14825 (after applying the correction factors).
22 The COP® determined with EN 14825 increases continously with decreasing PLR, whereas the COP
sz determined with the dynamic method also increases initially with decreasing PLR, but decreases again

According to EN 14825 the prescribed correction factors are CR and C;. CR is the ratio of measured heating capacity
and required heating capacity. The degredation coefficient C,; is determined via the formula 1 — Porr/Pprr for each PLR,
respectively. Porr is the electric power consumption meausered during 5 min after the compressor has been switched off for
10 minutes and Pp; g is the electric power consumption during operation at a particular PLR. C; generally achieves values of
between 0.9 and 1.

According to EN 14825 after applying the correction factors the COP is called COP,;,. However for reasons of simplicity, we
call the coefficient of performance simply COP for both methods.
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224 as soon as ON/OFF operation occurs. The high deviations of COPs between standard test and dynamic
225 test at low PLRs might indicate that the efficiency losses due to ON/OFF operation are not adequately
22 taken into account by the correction factors. Thus, the methodology of the EN 14825 could lead to an
s27 overestimation of the COP at low PLRs. In addition, the standard test loses comparability between
s2s  different HPs because the adjustment of the supply temperature is individual for each HP, respectively
;20 (see Figure 7). In contrast, the dynamic method provides both, the consideration of efficiency losses
330 during ON/OFF operation and a comparability for various HPs without the need for correction factors.

332 The performed tests showed that the dynamic method can be applied to both HP types, GSHPs
sz and ASHPs, with common modifications to the test bench (see section 2).

s3¢  The control of an HP is its individual strategy to reach the requirements on the sink side via its heating
a5 curve and is taken into account by applying the dynamic test method. It was observed that the HPs
:3s  were usually unable to meet the heating set points for PLRs close to 1 and 0. However, particularly in
s37  these cases, the dynamic method enables a clear differentiation between the control behaviors of tested
23 HPs in case of using the climate box. For PLR =1, for example, HP#1 does not provide a sufficient
s amount of heat, but for PLR =0.15 in contrast, it generates a slight excess of heat. HP#2, on the other
s hand, is able to meet the required heating capacity precisely. The dynamic method, however, provides
s a fair comparison of HPs with different control strategies. It should be put up for discussion if tested
a2 HPs should in any case achieve the setup values on the sink side for reasons of comparability. In this
a3 context, the two methods climate box and electrical resistance should be further examined.

sas 5. Conclusions

346 The growing market penetration of HPs indicates the need for a performance test method which
sz better reflects their capacity modulation. Currently, energy efficiency testing for HPs is only executed
as  in particular test modes, that fix the compressor speed and do not reflect the real use behavior of HPs.
a0 This study proposes a test method with dynamic profiles based on climate data and designed for
0 outside temperature, supply temperature and the heating capacity. The dynamic test method has the
=1 following advantages:

352 o It considers the real control behavior of HPs.

353 o It can be conducted independently from manufacturer support and makes special test modes
354 obsolete.

35 o It considers the whole temperature range of a heating season (from —10°C to 15 °C for average
356 European climate) directly by measurement, specifically those sequences which are commonly
357 linearly interpolated in current standards.

358 o It makes linear interpolation and the prescription of invariables obsolete and hence gives a closer
359 approximation of the field performance of HPs and could reduce the need for field tests.

360 o It has the potential to achieve a high degree of automation and could be easily modified to new
361 technologies.

362 Furthermore, on the basis of these findings, we propose that the following should be subject to

ses further research:

364 o The optimum values for the permitted deviations and tolerances are to be defined.

365 o The temperature sequences can be further shortened. Therefore, the influence of the stabilization
366 phase on the average results should be investigated for all temperature sequences.

367 o The feasibility for testing fixed - speed HPs should be investigated.

368 o The use of climate box and electrical resistance should be examined.
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s7ze Abbreviations

37z The following abbreviations are used in this manuscript:

ASHP  air source heat pump
GSHP  ground source heat pump
COP  coefficient of performance
HiL Hardware-in-the-Loop
** HP heat pump
PLR part load ratio
SCOP  seasonal coefficient of performance

VFD  variable frequency drive
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0 Appendix A
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Figure A1. Experimental Setup for (a) GSHP and (b) ASHP applications.
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