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Preface

This report is part of the work within IEA HPT Annex 52 - IEA HPT Annex 52 - Long-term performance
monitoring of GSHP systems for commercial, institutional and multi-family buildings, with project period
January 1st 2018 to December 31 2021. Annex 52 Operating Agent is Sweden.

Annex 52 aims to survey and create a library of quality long-term measurements of GSHP system
performance for commercial, institutional and multi-family buildings. While previous work will be
surveyed, the emphasis of the annex is on recent and current measurements. The annex also aims to
refine and extend current methodology to better characterize GSHP system performance serving
commercial, institutional and multi-family buildings with the full range of features shown on the market,
and to provide a set of benchmarks for comparisons of such GSHP systems around the world.

The results from the annex will help building owners, designers and technicians evaluate, compare and
optimize GSHP systems. It will also provide useful guidance to manufacturers of instrumentation and
GSHP system components, and developers of tools for monitoring, controlling and fault detection/
diagnosis. This will lead to energy and cost savings.

The work that has led to this report has been funded by the Swedish Energy Agency. The assistance
of Lennart Vamling of the Chalmers University of Technology in providing access to the Frélunda OL
clubhouse is gratefully acknowledged. The continuous support of Hakan Larsson, Research Engineer,
of the Chalmers University of Technology with the long-term measurements is greatly recognized and
appreciated.



Summary

This report presents an analysis of the performance of a ground-source heat pump system in
Gothenburg, Sweden. The ground-source heat pump system provides space heating and hot water to
a sports clubhouse. The installation has been carefully instrumented to enable full characterization of
the whole system including auxiliary components such as circulation pumps and supplementary
heating. The performance evaluation was done following the Annex 52 boundary scheme. It was based
on three years of measured data from 2014 to 2017. The auxiliary system components were found to
have a large impact on the overall performance of the system. In particular, the legionella protection
system was identified to affect the performance considerably. Recommendations as to how to improve
the performance of the system are provided.
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BACKGROUND

The building

The case study building is an orienteering clubhouse. It has a footprint area of about 240 m?. The
clubhouse is located at 57.629 LAT, 11.966 LON in the southern suburb area of Gothenburg, Sweden
(see Figure 1). It is 12 km from the Gothenburg city center and 34 km from Landvetter airport. Directly
next to the clubhouse is the 17.7 km? nature reserve of Sandsjébacka. The clubhouse building was
constructed in 2004. It is a single-story building with a partially raised basement. The principal floor
houses the club office, a multipurpose community room, storage areas, kitchen, and two locker rooms
with eight hot showers and two saunas. The basement houses the utilities including the heating and
sewage system as well as ample storage. Figure 2 shows an image of the clubhouse. Figures 3 and 4
show the elevations and floor plan of the clubhouse, respectively. The clubhouse is used as a central
gathering and service space for outdoor orienteering activities.

The clubhouse has a heat pump installed for providing space heating and hot water. The heat pump
unit consists of a 5-kW compressor, a 6-kW auxiliary heater, and two circulation pumps. The rated
performance of the heat pump including circulation pumps at standard test conditions of BOW35
according to EN 14511 is 4.20. The compressor and the auxiliary heater are automatically controlled
by the heat pump’s control system. The electric heater in the heat pump unit is used only for hot water
and legionella protection. The temperature of the hot water produced by the heat pump cannot be
adjusted. The hot water production is ceased when the compressor reaches its maximum operating
pressure, which corresponds to a hot water temperature of approximately 55-65 °C. For the provision
of space heating, the heat pump has a built-in control system that provides an outdoor temperature-
compensated supply temperature. The supply water temperature for space heating is provided between
3045 °C.
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Figure 1. Location of the clubhouse in Sweden.
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Figure 2. Clubhouse building.

i
E
.

i

B .

i

TR

L e

Showers
Changing Room 1 I 1-4
ey

Figure 4. Floorplan of the clubhouse building.



Table 1. Summary of the building features

Location

Year of building construction

Ground source system operation start date
Building Type

Building floor area

Analysed monitoring start date

Analysed monitoring period

Unique features of the system

Gothenburg, Sweden

2004

2009

Clubhouse

240 m?

2014-01-01

2014-01-01 until 2016-12-31
High hot water consumption

Table 2. Summary of the system configuration

Heat distribution

Cooling distribution

Domestic hot water (DHW) production by system
Supplementary heat for space heating

Supplementary heat for DHW

Supplementary cooling

Nominal capacity of supplementary heating for space heating
Nominal capacity of supplementary heating for DHW
Nominal capacity of supplementary cooling

Radiators (30—45 °C)

Heat pump

Electric resistance heating

6 kW

Heating load ~ 15 MWh/year (~ 62 kWh/mZ,y)
Cooling load -

DHW ~ 8 MWh/year (~ 33 kWh/mZy)
Heat pump type Water-to-water

Reversible No

Compressor type 1 x scroll

Speeds Single-speed

Heat pump system Centralized

Number of heat pumps 1

Nominal total heat pump heating capacity 5 kWin

Nominal total heat pump heating capacity available for DHW 11 kWin

Nominal total heat pump cooling capacity [k\Win] -

Refrigerant R407c




The ground source system

The clubhouse uses a ground-source heat pump (GSHP) system to provide space heating and hot
water. Figure 5 shows a schematic of the clubhouse GSHP system. The ground heat exchanger
consists of a single vertical ground heat exchanger, drilled to a depth of 230 m, and fitted with a single
U-pipe filled with an ethanol/water mixture. The ground heat exchanger is of the groundwater-filled type.
The heat pump is connected to two 500-L buffer tanks.

The clubhouse has a relatively high hot water consumption because of the frequent use of showers.
The two buffer tanks provide for the high hot water demand of the installation. The heat pump operates
in either space heating or hot water mode. A shunt valve controls the flow between the hot water and
space heating systems. Hot water production is prioritized by the heat pump ahead of the space heating.
The heat pump has a built-in legionella protection system. This protection system runs once a week
and raises the water temperature in the tank connected to the heat pump to 60 °C. A 3-kW auxiliary
electric heater with a thermostat is installed in the second tank from which the hot water is drawn. The
primary purpose of the tank auxiliary heater is to keep the water temperature in the buffer tank supplying
the hot water between 55 to 60 °C to provide legionella protection. During a draw, the hot water from
the second buffer tank is blended with the cold city water in a thermostatic mixing valve to prevent
scalding. The ground heat exchanger and heating system circulation pumps are both 3-speed (low,
medium, high) units, manually set on the medium speed.

W01 w02 W03
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Figure 5. Schematic of the clubhouse GSHP system (Pictograms by TU Braunschweig IGS, used with
permission within the course of IEA HPT Annex 52).



Table 3. Summary of the ground source and sink

Ground source

Loop type

Ground composition

Groundwater level [m]

Annual mean air temperature (measured)
Undisturbed ground temperature

Design ground thermal conductivity
Specific ground heat capacity

Vertical borehole
Closed loop
Granite

3-5m

76°C

Minimum ground heat exchanger exiting fluid temperature (ExFTmin) 4.0°C
Maximum ground heat exchanger exiting fluid temperature (ExFTmax) 8.2 °C

Table 4. Summary of the ground heat exchanger — Boreholes

Number of boreholes

Borehole length

Total borehole length

Average distance between boreholes
Borehole geometric distribution

Borehole diameter

Borehole filling material

Borehole heat exchanger type

Design Effective thermal resistance per unit length
Source side pipe characteristics

Source side brine type

Average source side brine flow in operation

1
230 m
230 m

115 mm
Groundwater
Single U-tube
PE DN40
Water-Ethanol
0.451/s




Monitoring

The GSHP system of the clubhouse has been analyzed using 3-years of measurement data from 2014
to 2016 with 2-min intervals. The measurement setup used for the case study is shown in Figure 5. The
measurements included temperature and flow values at various points in the system and electrical
energy consumption of different GSHP system components. In total, 10 temperature sensors, six flow
meters, and four power meters were used. All sensors recorded measurements at a 2-min interval.
Temperature measurements were taken using laboratory calibrated PT100 sensors. The measurement
accuracy of the temperature sensors was less than 0.5 K. The temperature sensors used for heat
metering were matched pairs with a maximum discrepancy of £ 0.1 K. The water flow measurements
were taken using vortex flow meters. The minimum resolution of the water flow measurements was
0.0033 L/s. The manufacturer-reported accuracy of the water flowmeters was + 1.5 % of the full scale,
which corresponded to less than + 3 % uncertainty at actual flow levels. The brine flow measurements
were taken using a vortex flowmeter compatible with liquids with high kinematic viscosity. The
manufacturer-reported accuracy of the brine flowmeters was + 3.0 % of the full scale, which
corresponded to less than = 5 % uncertainty at actual flow levels. The electrical energy consumption
was metered by high-accuracy power meters. The uncertainty of the power meters was + 1 %.

The heat transfer rates for space heating and hot water systems were determined calorimetrically from
the measured values of flow and temperature increase over the heat pump. The delivered thermal
energies for space heating and hot water were calculated by integrating the respective heat transfer
rates over time. The electrical energy consumed by the heat pump unit, the compressor, and the two
auxiliary electric heaters was measured individually by separate power meters. The electrical energy
consumption of the two circulation pumps—both fixed-speed with 3-speed settings—were determined
based on measured power ratings integrated over run time at actual run speeds. The power input of
each pump at a certain speed level was obtained from the measured data considering periods over
which only the pump was operating. The input power to the pumps was also checked separately with
precision wattmeters with an accuracy better than 1 % of the reading.
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Performance metrics

Figures 6 and 7 show the Annex 52 boundary scheme applied to the clubhouse system. Table 5
presents the description of the Annex 52 boundaries. Equations 1-7 show the formulas used for
evaluating the seasonal performance of the GSHP system based on the Annex 52 boundary scheme.
SPFO evaluates the performance of the ground source. SPF1 measures the performance of the
refrigeration cycle. SPF2 gives the performance of the refrigeration cycle and the source-side circulation
pump. SPF3 provides the performance of the refrigeration cycle, the source-side circulation pump, and
the distribution-side circulation pump between the heat pump and the buffer tank. SPF1+ measures the
performance of the refrigeration cycle and the heat pump electric heater. SPF2+ presents the
performance of the refrigeration cycle, the source-side circulation pump, and the heat pump electric
heater. SPF3+ provides the performance of the refrigeration cycle, the source-side circulation pump,
the heat pump electric heater, the distribution-side circulation pump between the heat pump and the
buffer tank, and the electric heater installed in the buffer tank.

Table 5. Calculated system boundaries for the system according to the Annex 52 boundary schema.

Boundary description HPT Annex 52 Boundary levels
HO HO+  H1 H1+ H2 H2+ H3 H3+

Ground Source (circ. pumps + ground source) X X X X X X
Heat pump unit including internal energy use,
excluding internal circulation pump X X X X X X
Buffer tank (including circulation pumps
between heat pump and buffer tank) X
Ground Source (circ. pumps + ground source) X X X
Equivalent in the SEPEMO boundary schema H1 H2 H3

SPF;

A 4

7 [

Figure 6. Annex 52 boundary levels 0, 1, 2, and 3 applied to the clubhouse GSHP system (Pictograms
by TU Braunschweig IGS, used with permission within the course of IEA HPT Annex 52).

11



)

A 4 o 040
» 9400 L]
a 0 L]

_¢¢ J

SPFs.
| K7 7% B— ]
; ]
& | ‘
el | ] P, > &
N
A B vy ‘
B
v
'd \ \
I

Figure 7. Annex 52 boundary levels 1+, 2+, and 3+ applied to the clubhouse GSHP system (Pictograms
by TU Braunschweig IGS, used with permission within the course of IEA HPT Annex 52).
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PERFORMANCE MONITORING RESULTS

The measured monthly electrical energy consumption of all space heating and hot water system
components including the compressor, the heat pump auxiliary heater, the tank auxiliary heater, and
the circulation pumps is shown in Figure 8. The total electrical energy consumption was weather-
dependent and was substantially higher in winter than in summer. In the winter months, the compressor
had the largest energy consumption of all system components, whereas, in summer, the energy
consumption of the tank auxiliary heater was the largest. The circulation pumps contributed to a
significant portion of the total monthly energy consumption. Due to longer operation time, the energy
consumption of the circulation pumps in the winter months was higher compared to the summer months.
The heat pump auxiliary heater had typically the lowest monthly energy consumption among all
components. However, in January 2014, the heat pump auxiliary heater consumed approximately half
of the total monthly energy due to a compressor failure, which caused the space heating and hot water
to be produced by the electric heater instead.

Energy [(kWh]
2500

@ Compressor Auxiliary Heater In Heat Pump Auxiliary Heater In Tank E Pumps

2000

1500

1000

500

Figure 8. Measured monthly electrical energy consumption of different system components.

Figure 9 shows the measured annual electrical energy consumption of different space heating and hot
water system components of the clubhouse system for the years 2014 to 2016. The total electrical
consumption varied between approximately 9.3 and 10.5 MWh per year during the study period. The
annual energy consumption of the compressor was highest among all components followed by that of
the tank auxiliary heater. The electricity consumption of the compressor was between 4.9 and 5.7 MWh
per year and of the tank auxiliary heater was between 2.1 and 2.6 MWh per year. The electricity
consumption of the circulation pumps was almost constant over the years, varying between 1.2 to 1.4
MWh per year. The annual energy consumption of the heat pump auxiliary heater was lowest among
all components and was less than 1 MWh in 2015 and 2016 but was unusually higher at about 1.6 MWh
in 2014 due to the compressor breakdown in January.

13
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Figure 9. Measured monthly electrical energy consumption of different system components.

Figure 10 presents the annual electrical energy consumption of space heating and hot water systems
for the years 2014 to 2016. The electrical energy consumption of the space heating system was fairly
constant between 5.2 and 5.5 MWh over the study period.
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Figure 10. Measured yearly electrical energy consumption of space heating and hot water systems.
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Building heating and cooling loads

The measured monthly space heating and hot water loads for the clubhouse for the three years of the
measurement period are shown in Figure 11. The space heating loads peaked during the winter months
of December to February, whereas the hot water loads remained fairly constant throughout the year.
The space heating loads were several-fold larger than the hot water loads in winter, but the hot water
loads were larger than the space heating loads in summer between June and September.

Energy [kWh]
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Figure 11. Measured monthly heating and hot water loads.

Figure 12 shows the measured annual space heating and hot water loads for the clubhouse for the
years 2014 to 2016. Both the space heating and hot water loads were relatively constant from year to

year.
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Figure 12. Measured yearly heating and hot water loads.
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The energy signature for the clubhouse building based on the three-year measurement data is shown
in Figure 13. The space heating and hot water loads shown in the figure are based on hourly average
data. It can be readily observed that the space heating loads were seasonal and were negatively
correlated with outdoor air temperature, especially during winter. The hot water loads, on the other
hand, were not particularly dependent on the outdoor air temperature.

Loads [kWh/h]

Space Heating = Hot Water

Egh LI ] [] []
giiguuSgfpfgnn L T Y P T L it
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-12 -8 -4 0 4 8 12 16 20
ODA Temperature [°C]

Figure 13. Measured building energy signature for the Clubhouse building based on data from January
2014 to December 2016.

Table 6 summarizes the overall load characteristics for clubhouse building for three years of
measurement duration.

Table 6. Overall load characteristics

Start of evaluation period 2014-01-01  2015-01-01  2016-01-01
End of evaluation period 2014-12-31  2015-12-31 2016-12-31
Building space heating load met by system [MWh] 15.3 15.1 16.3
Building cooling load met by system [MWhn] - - -
DHW load met by system [MWht] 8.0 8.0 8.3
Thermal energy extracted from the ground [MWh] 13.6 15.5 17.1

Thermal energy injected to the ground [MWhtn] - - -

16



Ground heat exchanger performance

The monthly performance of the ground heat exchanger of the clubhouse system with the Annex 52
boundary is presented in Figure 14 for 2014-2016. The uncertainty of the SPF values is also shown.
The monthly SPFO values ranged between 29 + 1.7 and 40 t 2.4 over the three-year measurement
period. The monthly SPFO values were higher in winter than in summer months. This can be traced
back to higher ground heat exchanger supply and return temperatures and a smaller temperature
difference between them in the summer period. The annual values of SPFO (not shown in any Figure)
were between 33.8 + 2.0 and 34.9 + 2.0 for the three years of the measurement period.

SPF
45

40
35
30
25
20
15
10

Figure 14. Monthly SPFO values for the clubhouse system.
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Heat pump and Overall system performance

The monthly performance of the clubhouse system with the Annex 52 boundaries for 2014-2016 is
presented in Figures 15-16. The uncertainty of the SPF values is also shown. The monthly SPF1
values, presenting the performance of the refrigeration cycle, ranged between 3.3 £ 0.2 and 4.2 £ 0.3
over the measurement period. Like SPFO, the SPF1 values were also higher in winter and lower in
summer. This is because the heat pump in summer operates mainly in the hot water mode at
comparatively lower efficiencies than in space heating mode. The monthly values of SPF2 and SPF3
ranged between 2.9 £ 0.2 and 3.9 + 0.2 and between 2.2 £ 0.1 and 3.5 + 0.2, respectively, over the
measurement period. The two factors, showing, respectively, the effect of the source-side and
distribution-side circulation pumps on the performance of the clubhouse space heating and hot water
system, followed the same trend as SPFO and SPF1 and were higher in winter than in summer. The
effect of the distribution-side circulation pump on the performance of the system was more pronounced
than that of the source-side circulation pump.
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Figure 15. Monthly SPF1, SPF2, and SPF3 values for the clubhouse system.

The SPF1+, SPF2+, and SPF3+ values show the effect of auxiliary heating within each respective
boundary. The monthly values of SPF1+ and SPF2+ were slightly lower than the corresponding values
of SPF1 and SPF2 and ranged between 2.6 £+ 0.2 and 4.0 £ 0.3 and between 2.4 + 0.2 and 3.7 + 0.2,
respectively, over the measurement period. The SPF3+ values, presenting the overall monthly
performance of the clubhouse system, were between 1.5 £ 0.1 and 3.0 £ 0.2. The noticeably lower
values of SPF1+, SPF2+, and SPF3+ values in January 2014 were due to the compressor breakdown,
which triggered the auxiliary heating to make up for the loss of refrigeration cycle output. The large
variation in performance factors between SPF1 and SPF3+ indicates that the energy consumption of
the circulation pumps and auxiliary heaters in the system has a significant impact on the overall system
performance.
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Figure 16. Monthly SPF1+, SPF2+, and SPF3+ values for the clubhouse system.

Figure 17 presents the annual performance of the clubhouse system for 2014—2016 with Annex 52
boundaries. The uncertainty bars related to the estimation of the annual SPF values are also shown.
The annual performance factors for different boundaries show a pattern like the monthly performance
factors. The annual SPF1 and SPF1+ values ranged between 3.6 + 0.2 and 3.9 + 0.2, and between 3.2
+ 0.2 and 3.6 £ 0.2, respectively. The annual SPF2 and SPF2+ values for the studied period were
between 3.3 + 0.2 and 3.6 £ 0.2, and between 2.9 + 0.2 and 3.2 £ 0.2, respectively. The annual SPF3
and SPF3+ values for the measurement period were between 2.8 + 0.2 and 3.0 £ 0.2, and between 2.2
+ 0.2 and 2.3 £ 0.2, respectively. The annual performance factors decreased progressively as energy
consumption of various system components was added on from boundary 1 to boundary 3.
Furthermore, it can also be observed that the performance factors were profoundly affected by the
auxiliary heating. For instance, the large drop in annual SPF3+ values in comparison to the SPF2+ and
SPF3 values illustrates the influence of tank auxiliary heating on the overall annual seasonal
performance of the clubhouse space heating and hot water system.
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LESSONS LEARNT

Design lessons learnt

The auxiliary system components have a large impact on the overall performance of the system. The
percentage plot of Figure 18 shows the relative share of each system component in the total monthly
electrical consumption of the overall system and indicates how the relative share of each system
component changes over time. The compressor in the winter months accounts for approximately two-
thirds of the total monthly energy consumption of the system, whereas the energy consumed by the
compressor in the summer months was down to less than one-third of the total monthly energy
consumption. It can also be seen that the relative share of auxiliary heating in the total monthly electrical
consumption of the clubhouse system increased from less than one-quarter in winter months to more
than three-quarters in summer months. In summer, a period of low space heating demand, the parasitic
energy consumption attributable to circulation pumps, auxiliary heaters, and controls contribute the
largest share of the total monthly energy consumption of the system. The overall share of parasitic
energy consumption in summer was up to 75 %, which explains the reason for the comparatively low
monthly seasonal performance factors in the summer months.

Percentage @ Compressor ¥ Auxiliary Heater In Heat Pump 7 Auxiliary Heater In Tank = Pumps
100%
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Figure 18. The percentage share of different system components in the total monthly electrical
consumption of the space heating and hot water system.
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The energy consumption of the circulation pumps has a significant impact on the overall system
performance. The impact of pump speed modulation on the SPF3 values is demonstrated in Figures
19 and 20 for hot water and space heating, respectively, as a function of outdoor temperatures. The
figures to the left show SPF3 values for the period January 2014 to September 2015, corresponding to
the operation of the distribution-side circulation pump at medium speed. The figures to the right present
SPF3 values for the period October 2015 to December 2016, corresponding to the operation of the
distribution-side circulation pump at high speed. The figures clearly show that, in both space heating
and hot water modes, the SPF3 values were negatively affected by the increase in the distribution-side
circulation pump speed. Increasing the pump speed lowered the SPF3 in hot water mode from an
average value of around 3.0 to 2.4. The SPF3 in space heating mode was also lowered by up to 10%.
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Figure 19. Daily SPF3 values for hot water plotted against outdoor air temperatures for medium (left)
and high (right) pump speeds.
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Figure 20. Daily SPF3 values for space heating plotted against outdoor air temperatures for medium
(left) and high (right) pump speeds.
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The legionella protection system is found to affect performance considerably. The clubhouse heat pump
runs a heating cycle for legionella protection every week and raises the water temperature in the tank
connected to the heat pump to above 55 °C. The heat pump legionella protection system does not
consume much energy. Moreover, the auxiliary heater in the second tank keeps the water temperature
in the buffer tank above 55-60 °C to provide legionella protection. The auxiliary heater used for the
legionella protection system in the second tank works continuously and consumes several-fold more
energy than the heat pump legionella protection system. Figure 21 shows the distribution of the
electrical energy consumed by the heat pump in the hot water mode for 2015. The energy consumption
for legionella protection showed slight variations but remained nearly constant over time. The energy
consumption for the DHW production had slightly larger variations but was still fairly consistent over
time. The annual energy used by the legionella protection system is approximately 2730 kWh, which is
around 63% of the energy consumed by the clubhouse hot water system, and approximately 29% of
the total energy consumed by the clubhouse heating and hot water system. With a single large hot
water tank without a continuously operating legionella protection system, the clubhouse hot water
system would have performed better than the existing two-tank system.
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Figure 21. Measured monthly electrical energy consumption of hot water production and legionella
protection system for 2015.

Improvement measures

The system performance can be improved by reducing the energy consumption of the auxiliary tank
electric heater by implementing a legionella protection system running only once or twice per week.

The system performance can be improved by operating the circulation pumps at speeds to provide a
temperature difference of 3 K between the ground heat exchanger supply and return and 7-10 K
between the heat supply and return. As per the manufacturer’'s recommendations, the heat pump works
at optimum efficiency at these temperature differences.
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