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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 31st, 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 analysis of and the results from 3 Norwegian GSHP monitoring projects have been based on project 
and Master theses from The Norwegian University of Science and Technology (NTNU), Department 
of Energy and Process Engineering in Trondheim from 2018 to 2020. The preparation of this report has 
been funded by Enova SF which is owned by the Norwegian Ministry of Climate and Environment, 
https://www.enova.no/about-enova/. 
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SUMMARY 

The report provides a presentation of the buildings, the thermal energy plant and the monitoring 
results of the following ground-source heat pump (GSHP) systems in NORWAY: 

• KIWI Dalgård, Trondheim (2017) – heating of a supermarket and blocks of flats 

o 1,250 m² supermarket of passive house standard as well as and adjacent blocks of flats 

o Utilization of excess gas cooler heat from the DX CO₂ refrigeration plant for heating of 
ventilation air in the supermarket as well as snow melting 

o Utilization of excess gas cooler heat from the DX CO2 refrigeration system for thermal char-
ging of the BTES with 8 boreholes (tot. 2,100 m) – heat source for the GSHP 

o GHSP system for space heating in the supermarket and space heating and preheating of 
domestic hot water (DHW) in the adjacent blocks of flats 

o 2 x standard R410A heat pump units 

• The SWECO Building, Bergen (2017) – heating and cooling an office building 

o 18,100 m² office building of passive house standard – Breem-Nor Excellent certified 

o GSHP system for space heating, heating of ventilation air, preheating of DHW and 
computer/space cooling 

o BTES with 15 boreholes (tot. 3,300 m) covers the entire cooling demand of the bldg. 

o Water as secondary fluid in the borehole system (BTES) – min. operating temp. +3 °C 

o 1 x high-performance, tailor-made ammonia (NH₃, R717) heat pump unit 

• Moholt 50|50, Trondheim (2016/17) – district heating/cooling system for student houses etc. 

o 25,000 m² blocks of flats of passive house standard, library and kindergarten 

o GSHP for heating of domestic hot water (DHW) and ventilation air via a small-scale district 
heating network 

o Thermal charging of the BTES from 23 boreholes (tot. 5,570 m) with wastewater, ventilation 
air and solar collectors 

o Cooling of ventilation air with brine from the BTES 

o 3 x standard R410A heat pump units 

The analysis of and the results from the 3 GSHP monitoring projects have been based on project and 
Master theses from the students Marie Garen Aaberg and Anja Meisler at The Norwegian University 
of Science and Technology (NTNU), Department of Energy and Process Engineering in Trondheim 
from 2018 to 2020. The main supervisor for the students, who also has been processing and presen-
ting the results in different forums including national conferences and IEA HPT Annex 52, has been 
Dr.ing. Jørn Stene from the consulting company COWI AS (www.cowi.com). 

For each of the three analysed cases there is a chapter with "Lessons Learnt" that provides an 
overview of the strengths and shortcomings of the GSHPs systems as well as recommendations for 
improvements and general guidelines for how these systems should be designed and operated.  
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SAMMENDRAG PÅ NORSK 

Denne rapporten er en del av arbeidet innen IEA HPT Annex 52 – IEA HPT Annex 52 – "Long-term 
Performance Monitoring of GSHP Systems for Commercial, Institutional and Multi-family Buildings". 
Rapporten gir en presentasjon av bygningene, det termiske energianlegget samt feltmåleresultater og 
analyser av følgende bergvarmebaserte varmepumpesystemer (GSHP) i Norge: 

• KIWI Dalgård, Trondheim (2017) – oppvarming av supermarked og boligblokker 

o 1.250 supermarked med passivhusstandard samt tilgrensende boligblokker (TEK15) 

o Utnyttelse av overskuddsvarme fra gasskjølere for DX CO₂ kuldeanlegg for oppvarming av 
ventilasjonsluft i supermarked samt snøsmelting 

o Bergvarmepumpe for romoppvarming av supermarked samt romoppvarming og forvarming 
av varmtvann for tilgrensende boligblokker 

o Utnyttelse av overskuddsvarme fra gasskjølere for DX CO₂ kuldeanlegg for termisk lading av 
brønnpark med 8 borehull (totalt 2,110 m) – varmekilde for bergvarmepumpen 

o 2 stk. standard R410A varmepumpe-aggregater 

• SWECO-bygningen, Bergen (2017) – oppvarming og kjøling av kontorbygg 

o 18.000 m² kontorbygg av passivhusstandard – Breem-Nor Excellent-sertifisert 

o Bergvarmepumpe for romoppvarming, oppvarming av ventilasjonsluft, forvarming av varmt-
vann og server-/romkjøling 

o Brønnpark med 15 borehull (totalt 3.300 m) dekker hele bygningens kjølebehov 

o Vann som sekundærmedium ("kuldebærer") i brønnparken – min. driftstemperatur 3 °C 

o 1 stk. skreddersydd ammoniakk (NH₃, R717) varmepumpeaggregat 

• Moholt 50|50, Trondheim (2016/17) – fjernvarme-/fjernkjølesystem for studentboliger m.m. 

o 25.000 m² boligblokker av passivhusstandard (studentboliger), bibliotek og barnehage 

o Bergvarmepumpe for oppvarming av varmtvann og ventilasjonsluft via et nærvarmenett 

o Termisk lading av brønnpark med 23 borehull (totalt 5. 750 m) med avløpsvann, ventilasjons-
luft og solfangere 

o Kjøling av ventilasjonsluft med kald frostvæske fra brønnparken (nærkjølenett) 

o 3 stk. standard R410A varmepumpeaggregater 

Analysen av og resultatene fra måleprosjektene med bergvarmepumpe-systemer har vært basert på 
prosjekt- og masteroppgaver fra studentene Marie Garen Aaberg og Anja Meisler ved Norges Tek-
nisk-Naturvitenskapelige Universitet (NTNU), Institutt for energi- og prosessteknikk i Trondheim fra 
2018 til 2020. Hovedveilederen for studentene, som også har behandlet og presentert resultatene i 
forskjellige fora, inkludert nasjonale konferanser og IEA HPT Annex 52, har vært Dr.ing. Jørn Stene 
fra rådgiverfirmaet COWI AS (www.cowi.com). 

For hvert av de tre analyserte anleggene er det gitt en oversikt over styrker og mangler ved varme-
pumpesystemene, samt anbefalinger for forbedringer og generelle retningslinjer for hvordan disse 
systemene skal utformes og driftes.  
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PROJECT 1 – KIWI DALGÅRD 

1. BACKGROUND 

The analysis of and the results from the KIWI Dalgård ground-source 
heat pump (GSHP) project have been based on the Project Thesis from 
2019 of Master student Ms. Marie Garen Aaberg at The Norwegian 
University of Science and Technology (NTNU), Trondheim, Norway. 

 

 

 

 

 

1.1 The Project – the Buildings 
The KIWI Dalgård supermarket in Trondheim, Norway, was completed in 2017. The heated area is 
approx. 1,250 m2. The building was constructed according to the Norwegian passive house standard 
(NS3701:2012), and it has a particularly low annual specific energy demand (kWh/m²) due to efficient 
heat recovery from the CO₂ refrigeration system and heat supply from a ground-source heat pump 
(GSHP) system. The GSHP system also supplies heat to three adjacent blocks of flats. The super-
market has local electricity generation by two types of PV panels as well as electric battery storage. 

  

 

 

 

 

 

 

 

 

 

 

Figure 1.1 KIWI Dalgård supermarket in Trondheim, Norway (photo – Øystein Thommesen AS). 
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Figure 1.2 KIWI Dalgård supermarket and the blocks of flats (photo – Norgesgruppen). 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 1.3 KIWI Dalgård supermarket and the three blocks of flats (https://kart.finn.no/). 

 

 

 

 

 

 

 

 

 

 

 
 
 
Figure 1.4 KIWI Dalgård supermarket is located in Trondheim, Norway (kart.gulesider.no). 
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Table 1.1 KIWI Dalgård, Trondheim, Norway – summary of the building features. 

Location Trondheim, Norway 
Year of building construction 2017 
Ground source system operation start date 2017 
Building type Supermarket + blocks of flats 
Building heated area (BHA) 1,250 m² gross + blocks of flats (BHA not available) 
Analysed monitoring start date 2018 – January 
Analysed monitoring period 2018 – November/December 
Unique features of the system Thermal charging of BTES with excess heat from CO2 

refrigeration system, GSHP for heat supply mainly to 
blocks of flats (some heat to supermarket) 

 

 

1.2 The Refrigeration and Heat Pump System 
The supermarket has a CO2 transcritical booster refrigeration system (Carrier MiniCO2OL) connected 
to display cabinets and cold storage rooms. The refrigeration capacity is approx. 60 kW at medium 
temperature (+4 °C) and 20 kW at low temperature (-18 °C). Heat recovered from the CO2 gas coolers 
to heating coils in the air handling units (AHU) in the ventilation system covers about 90 % of the annual 
heating demand of the building. Excess heat from the refrigeration system is given off to the borehole 
system (BTES – Borehole Thermal Energy Storage) for the GSHP. 

 

 

 

 

 

 

 

 

 

 

 
 
 
 
 
 
Figure 1.5 Principle thermal energy flow diagram for the CO2 refrigeration plant and the GSHP system. 

The GSHP system comprises two R410A heat pump units (Carrier AquaSnap) with 76 kW total heating 
capacity at 4/50 °C. The heat pump units, which are connected in parallel on the evaporator side and 
condenser side, are connected to 8 vertical boreholes (BTES) with a total depth of 2,110 m. The 
GSHP supplies heat to radiators and heating coils in the air handling units (AHU) in the supermarket 
and to a small-scale district heating system for 3 blocks of flats for space heating (radiators) and 
preheating of domestic hot water (DHW). An electro boiler in the supermarket is for back-up only while 
an electro boiler in the blocks of flats is used for peak load heating. 
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Figure 1.6 The Carrier transcritical CO2 booster refrigeration system (MiniCO2OL). 
 
 
 

 

 

 

 

 
 
Figure 1.7 The Carrier AquaSnap R410A heat pump units, 2 x 38 kW heating capacity at 4/50 °C. 

 

Table 1.2 KIWI Dalgård, Trondheim, Norway – summary of the system configuration. 

Heat distribution Supermarket – radiators, heating coils, snow melting 
Blocks of flats – radiators, design temperature 60/40 °C 
with outdoor temperature compensation 

Cooling distribution Heating only system 
Domestic hot water (DHW) production by system Blocks of flats – preheating from GSHP 
Supplementary heat for space heating Blocks of flats – electro boiler 
Supplementary heat for DHW Blocks of flats – electric resistance heaters (el. boiler) 
Supplementary cooling Heating only system 
Nominal capacity of supplementary heating for space heating Not relevant 
Nominal capacity of supplementary heating for DHW Not relevant 
Nominal capacity of supplementary cooling None 
Space heating load 
DHW load 

Block of flats – 160 MWh/year from GSHP 
Not available – typical 30 kWh/(m2year) 

Cooling load Heating only system 
Heat pump type B/W heat pump unit – Carrier Aqua Snap 61WG-040 
Reversible No – heating only system 
Compressor type 1 scroll compressor for each heat pump unit 
Speeds One unit with on/off control, one unit with VSD (rebuilt) 
Heat pump system Centralized – hydronic heating system 
Number of heat pump units 2 
Nominal total heat pump heating capacity 76 kW at 4/50 °C 
Nominal total heat pump heating capacity available for DHW Blocks of flats – preheating of DHW via heat distr. syst. 
Nominal total heat pump cooling capacity [kW] Heating only system 
Refrigerant R410A (low charge, GWP 2090) 
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Figure 1.8 Principle sketch of the thermal energy system – GSHP and heat distribution system (Aaberg, 2018). 
The different boundaries are marked with numbers and dotted lines according to the IEA HPT Annex 
52 boundary scheme, i.e. 0 (BTES incl. pump), 1 (heat pump units), 2 (BTES + heat pump units + 
pumps), 3+ (2 incl. buffer tank/el. boiler), 4+ (3+ incl. pump) and 5+ (entire system) – Appendix A. 

 

 

 

 

 

 

 

 

 

Figure 1.9 Principle sketch of: 1) The CO2 refrigeration plant with heat recovery to the heating system and the 
BTES, 2) The heating system including DHW preheating in the block of flats (Aaberg, 2018). 

1.3 The Ground-Source System (BTES) 
The ground-source system (BTES) comprises 8 vertical boreholes in bedrock with 2,110 m total 
depth. The boreholes are drilled in an L-shape around the supermarket with 15 m average distance.  
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The boreholes are used as a Borehole 
Thermal Energy Storage (BTES). 
Excess heat from the CO2 refrigeration 
plant during parts of the year is given 
off to the BTES, and the GSHP 
extracts heat from the BTES and 
supplies heat to the supermarket and 
the small-scale district heating system 
for the blocks of flats. 

The thermal charging of the BTES from 
the CO2 refrigeration plant utilizes free 
excess heat and reduces the required 
number of boreholes. I.e. the system 
concept reduces the system costs and 
ensures annual and long-term thermal 
energy balance in the BTES. 

          Figure 1.10   Principle sketch of the BTES configuration (Aaberg, 2018). 

Table 1.3 KIWI Dalgård, Trondheim, Norway – summary of the ground source and sink (BTES). 

Ground source Vertical boreholes in bedrock 
Loop type Closed loop 
Ground composition Green stone and green slate1 
Groundwater level -5 m 
Annual mean air temperature (measured) 4.9°C – Trondheim 
Undisturbed ground temperature Not measured (no TRT) 
Design ground thermal conductivity Estimated – approx. 3.0 W/(mK)1 
Specific ground heat capacity Estimated – approx. 2.15 MJ/(m3K) 
Min. ground heat exchanger fluid temperature -2°C (restriction due to uncompacted material with clay) 
Max. ground heat exchanger fluid temperature Approx. 20°C (due to low flame point for HXi-35, 27 °C) 

 

Table 1.4 KIWI Dalgård – summary of the ground heat exchanger – vertical boreholes in bedrock. 

Number of boreholes 8 
Borehole length 264 m (average) 
Total borehole length 2,110 m 
Average distance between boreholes 15 m 
Borehole geometric distribution (configuration) L-shape 
Borehole diameter 115 mm 
Borehole filling material Groundwater, high groundwater level – no grouting 
Borehole heat exchanger type Single U-tube – DN40, PN10, SDR17, PE100 – smooth tube 
Design Effective thermal resistance per unit length No information 
Source side pipe characteristics 40 mm/2.4 mm (standard dimension < 250 m depth) 
Source side brine type HXi-35 – water-ethanol 35% (freezing point approx. -17 °C) 
Average source side brine flow in operation Approx. 0.5 l/s for each borehole heat exchanger (BHE) 

 

  

 
1 NGU – Geological Survey of Norway 
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2. MONITORING SYSTEM 
 

2.1 Instrumentation 
Table 2.1 KIWI Dalgård. Summary of the system monitoring – instrumentation and accuracy (Aaberg, 2018). 

GSHP measurement point Instrumentation Accuracy 
Source side – circulation pump electricity use No power/energy meter for pumps  
Source side – volume flow rate Integrated flow meter in energy meter  
Source side – ground source supply temperature Simens QAP2 ± 0.4-0.6 K 
Source side – ground source return temperature Simens QAP2 ± 0.4-0.6 K 
Source side – heat flow rate Kamstrup Multical 602 energy meter ± (0.5 + DQ min/ DQ) % 
Heat pump – electricity use – one for each unit Electric power/energy meter ± 1% 
Heat pump – power/energy supply Kamstrup Multical 602 energy meter ± (0.5 + DQ min/ DQ) % 
Heat pump – pressure drop No Dp meter  
Load side – circulation pump electricity use No power/energy meter for pumps  
Load side – volume flow rate Integrated flow meter in energy meter ± (0.5 + DQ min/ DQ) % 
Load side – heat pump supply temperature Simens QAP2 ± 0.4-0.6 K 
Load side – heat pump return temperature Simens QAP2 ± 0.4-0.6 K 
Load side – pressure drop No Dp meter  
Supplementary heating electricity use (electro boiler) Electric power/energy meter ± 1% 
Supplementary cooling electricity use Heating only system  
Heat distribution system measuring points Instrumentation Accuracy 
Load side – thermal power/energy supply Kamstrup Multical 602 meter ± (0.15 + 2/ DQ) % 
Load side – supply temperature Simens QAP2 ± 0.4-0.6 K 
Load side – return temperature Simens QAP2 ± 0.4-0.6 K 
CO2 refrigeration plant measuring points Instrumentation Accuracy 
CO2 pressure Huba 520 ± 0.3 % 
CO2 temperature WIKA TF45 ± 0.35 K 

 

 

2.2 Performance Metrics 
The most relevant measurements for the KIWI Dalgård refrigeration and GSHP systems are: 

• BTES – heat extraction by GSHP and heat supply (excess heat) from CO2 refrigeration plant 
o Supply/return brine temperatures 

o Thermal power/energy meter 

• Heat pump units – performance factors (PF) vs. temperature levels 
o Thermal power/energy meter 

o Electric power/energy meter 

• Distribution system – heating (supermarket and blocks of flats) 
o Thermal power/energy meter – heat distribution system 
o Supply/return temperatures 
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The input power/energy for the pumps in the BTES, the hydronic heating system for the supermarket 
and the small-scale district heating system for the adjacent blocks of flats as well as the electric peak 
load boiler for the blocks of flats were not measured. However, heat extraction from the BTES and heat 
supply to the BTES from the CO2 refrigeration plant (excess) heat are included in the measurements. 

The measurements for KIWI Dalgård, that are presented in Chapter 3, are in accordance with the IEA 
HPT Annex 52 boundary levels and performance factor definitions (Appendix B), page 56. 

Figure 2.1 shows the location of the thermal power/energy meters (OE) and the most relevant tempe-
rature sensors (RT) for the heat pump units, the BTES and the heat distribution system with heating 
coils in the ventilation system, radiators in the supermarket and blocks of flats and snow melting outside 
the supermarket. The electric power/energy meters for the heat pump units are not shown. There are 
no separate temperature sensors for the BTES, and the supply/return temperatures are read from the 
thermal power/energy meter. 

 

 

 

 

 

 

 

 

Figure 2.1 Principle sketch of the thermal energy system with location of thermal power/energy meters (OE) and 
temperature sensors (RT) (Aaberg, 2018). 

Appendix A1 shows an enlarged principle sketch of the thermal energy system including the IEA HPT 
Annex 52 boundaries, i.e. 0 (BTES incl. pump), 1 (heat pump units), 2 (BTES + heat pump units + 
pumps), 3+ (2 incl. buffer tank/el. boiler), 4+ (3+ incl. pump) and 5+ (entire system). 
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3. PERFORMANCE MONITORING RESULTS 
The monitoring period for the KIWI Dalgård supermarket, that was heated by excess heat from the CO2 
refrigeration plant and the GSHP, and the three adjacent blocks of flats that were partly heated by the 
GSHP, was unfortunately limited to January to November 2018 (11 months) due to late access to the 
monitoring system. 

3.1 Building Heating Loads and Heat Supply 
Figure 3.1 shows the measured heat supply (kWh/month) to the ventilation air in the supermarket from 
the CO2 refrigeration plant (orange bars) and the GSHP (blue bars). 

   
 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 3.1 Measured heat supply to the supermarket from the CO2 refrigeration system and the GSHP, January 
to November 2018 – monthly values (Aaberg, 2018). 

• The CO2 refrigeration plant covers about 92 % of the annual heating demand for ventilation air in 
the supermarket, while the GSHP covers about 8 %. This is according to the original design. 

Figure 3.2 shows the measured heat supply (kWh/month) from the GSHP to the small-scale district 
heating system connected to the three blocks of flats. 

• During the eleven months in 2018 plus the expected heat supply in December, the annual heat 
supply from the GSHP in 2018 was about 180.000 kWh. The heat supply has not been corrected 
according to a "normal year", and is therefore just valid for the actual year. 

• The GSHP system was originally designed for an annual heat supply of 350-400,000 kWh/year 
(space heating, preheating of DHW), but the GSHP only covered 50 % of this. Consequently, the 
remaining heating demand was supplied by the electric boiler in the blocks of flats, and the annual 
energy use was considerably increased compared to the original design. 
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Figure 3.2 Measured heat supply from the GSHP to the blocks of flats (space heating, preheating of DHW), 
January to November 2018 – monthly values (Aaberg, 2018).   

3.2 Ground-Source System Performance 
Figure 3.3 shows the measured heat extraction (kWh/month) from the ground-source system (BTES) 
by the GSHP ("Outflow") and the heat supply to the BTES from the CO2 refrigeration system ("Inflow"). 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 3.3 Measured heat flow for the BTES – heat extraction with GSHP ("heat outflow") and heat supply from 
the CO2 refrigeration system ("heat inflow"), January to Nov. 2018 – monthly values (Aaberg, 2018).  

• The measurements demonstrate that the BTES is in good annual thermal energy balance, i.e. that 
the "heat outflow" and "heat inflow" are in the same order of magnitude. 
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Figure 3.4 shows the measured supply and return temperatures for the anti-freeze fluid (brine, HXi-35) 
in the BTES. The measurements are collected from the power/energy meter. 

 

 

 

 

 

 

 

 

 

 

 

Figure 3.4 Measured supply and return temperatures in the BTES, January to November 2018 (Aaberg, 2018). 

• The brine temperature fluctuates between -1 °C (January, February, March) and 12-14 °C (June, 
July, August, September, October) during the monitoring period. This demonstrates that the BTES 
has the required capacity during the winter since the minimum brine temperature never drops 
below approx. -2 °C, which is the minimum acceptable temperature in order to avoid freezing of 
the clay in the uncompacted material in the ground. 

3.3 Heat Pump Performance 
The heat pump plant comprises two identical R410A Carrier Aqua Snap 61WG-040 heat pump units 
with a heating capacity of 2 x 38 kW (76 kW) at 4/50 °C. Each unit had originally one scroll compressor 
with on/off control (intermittent operation). With reference to Figure 1.7 on page 9, the heat pump units 
supply heat to a 600 litres accumulator tank. 

• To reduce the number of start/stops for the compressors and with that improve the operation of 
the heat pump units, the tank should have been designed with a larger volume, preferably 1100 to 
1200 litres (when compressors with on/off controls are used). 

Due to problems with the capacity control, the compressor in one of the heat pump units was modified 
to operate with variable speed drive (VSD), i.e. stepless capacity control. 

Figure 3.5 shows the measured performance factor for both heat pump units (S-PFH1) while Figure 3.6 
shows the measured return water temperature from the heating system to the heat pump units. 

• The measured seasonal performance factor for the heat pump units was S-PFH1 » 2.9. The main 
reason for the rel. low performance factor is the relatively high return temp. in the heat distribution 
system due to the application of a standard radiator system in the blocks of flats, and the fact that 
the heat pump units only have Energy Label B according to the Eco-Design Directive (ErP). 
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Figure 3.5 Measured daily average, performance factor for the two R410A heat pump units, January to November 
2018, D-PFH1 (Aaberg, 2018). 

 

 

 

 

 

 

 

 

 

Figure 3.6 Measured return temperature in the heat distribution system (i.e. return/inlet temperature for the heat 
pump units), January to November 2018 – monthly values (Aaberg, 2018). 
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4. LESSONS LEARNT 

In order to attain a successful ground-source heat pump plant with high annual energy saving, minimum 
operational problems and long lifetime, it's crucial to have a total perspective and optimize the ground-
source installation (BTES) together with the GSHP plant and the heating and cooling systems. 

• The borehole system (BTES) is somewhat undersized (2,210 m) vs. the available heating capacity 
for the heat pump plant (76 kW at 4/50 °C) 

o Recommendation – In the design phase it's crucial to carry out detailed calculations for the 
heating/cooling demands of the building as well as detailed calculations for the BTES, e.g. 
with EED, in order to optimize the number of boreholes and the borehole configuration. 

• The heat pump units have Energy Label B according to the Eco-Design Directive (ErP). 

o Recommendation – The heat pump units should minimum have Energy Label A++ according 
to the EU ErP or minimum A according to the Eurovent classification. 

• The heat pump units use R410A as refrigerant, which is controlled by the EU F-gas directive 

o Recommendation – The heat pump units should preferably use a natural refrigerant (working 
fluid) with zero or negligible GWP, i.e. propane (R290), ammonia (R717) or CO₂ (R744). The 
natural working fluids have excellent thermophysical properties, and the heat pump units 
achieves the same or higher performance factor than HFC/HFO heat pump units. 

• Each heat pump unit with 38 kW nominal heating capacity originally had one scroll-compressor 
with on/off control (intermittent operation). Due to problems with the capacity control, the 
compressor in one of the heat pump units was modified to operate with variable speed drive (VSD). 

o Recommendation – The heat pump units should have variable speed drive (VSD) compres-
sors since stepless capacity control leads to improved controllability, higher compressor 
efficiency at part load and longer lifetime due to less start/stops. An alternative to VSD for 
piston compressors is cylinder unloading or a combination of VSD and cylinder unloading. 

• The blocks of flats have standard radiators for space heating (60/40 °C system), i.e. a relatively 
high-temperature heat distribution system. 

o Recommendation – In order to achieve the highest possible performance factor for the heat 
pump plant a low-temperature heat distribution system should be have been installed in the 
blocks of flats, i.e. low-temperature radiators/convectors (e.g. 50/40 °C-system), a floor 
heating system (e.g. 40/30 °C-system) or a combination. The supply temperature should 
always be controlled according to an ambient temperature compensation curve. 

o In projects with heat exchange between buildings where different builders or development 
companies are involved in addition to different consultant companies, it's a challenge to attain 
an agreed design that leads to an optimised GSHP installation. 

• The CO₂ refrigeration plant that among other things gives off excess heat to the BTES, is a 
standard CO₂ booster plant. The refrigeration plant is the installation in the supermarket that has 
the highest annual electricity consumption, approx. 110.000 kWh/year (1/3 of total). 

o Recommendation – The most energy efficient CO₂ refrigeration booster plant should have 
been applied including e.g. parallel compression, ejector design, application of gas cooler 
connected in series for heat rejection at different temperature levels (heating of ventilation air, 
snow melting, heat rejection to BTES) and other process improvements in order to maximize 
the performance factor and minimize the electricity use for the plant.  
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PROJECT 2 – THE SWECO BUILDING 

1. BACKGROUND 

The analysis of and the results from the SWECO Building ground-
source heat pump (GSHP) project have been based on the Master 
Thesis from 2020 of Ms. Marie Garen Aaberg at The Norwegian Uni-
versity of Science and Technology (NTNU), Trondheim, Norway. 

 

 

 

 

 

1.1 The Project – the Building 
The SWECO Building in Bergen, Norway, is an office building that was completed in 2016. The heated 
and cooled area is about 18,000 m². The building has 4 floors above ground level and 3 floors below 
ground level including a parking garage. A grocery store (MENY) and some offices are located in the 
1st floor while the consultant company SWECO has offices in the three other floors. The building was 
constructed according to the Norwegian passive house standard (NS 3701:2012) and has Energy 
Label A. The building is also classified as BREEAM-Nor Excellent (environmental certification system). 
The building has a particularly low annual specific energy use due e.g. to heat recovery from the refrige-
ration system in the grocery store and thermal energy supply from a high-efficiency ground-source heat 
pump (GSHP) system. The building has local electricity generation from PV panels at the rooftop. 

 

 

 

 

 

 

 

 

 

Figure 1.1 The SWECO building in Bergen, Norway (photo – Og Arkitekter AS). 
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Figure 1.2 The SWECO Building (https://kart.finn.no/). 

 

 

 

 

 

 

 

 

 

 

 

 
 

Figure 1.3 The SWECO Building is located in Bergen, Norway (kart.gulesider.no). 

Table 1.1 The SWECO Building, Bergen, Norway – summary of the building features. 

Location Bergen, Norway 
Year of building construction 2016 
Ground source system operation start date 2016 
Building type Grocery store (1st floor), offices (1st to 4th floor) 
Building heated area (BHA) 18,000 m2 
Analysed monitoring start date 2018 – January 
Analysed monitoring period 2018 – December 
Unique features of the system Building classified as BREEAM-Nor Excellent2. Heat 

recovery from grocery store and utilization of a high-
efficiency GSHP system with natural working fluid 
(ammonia) using the BTES as heat source and heat sink 
(free cooling). Water is used as secondary fluid in the 
BTES, i.e. not an anti-freeze fluid (brine). 

 
2 Breeam-Nor – https://byggalliansen.no/sertifisering/om-breeam/  

SWECO 
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Figure 1.4 Estimated power duration curve for heating (space heating, heating of ventilation air, heating of 
domestic hot water, DHW) and cooling (space cooling, process cooling) (Aaberg, 2019). 

1.2 The Heat Pump System 
The GSHP system comprises one tailor-made heat pump unit from NH₃ Solutions with 190 kW heating 
capacity at 5/48 °C ("heating mode") and 195 kW cooling capacity at 10/38 °C ("cooling mode"). The 
refrigerant is ammonia (NH₃, R717), and the maximum supply temperature from the heat pump is 48 
°C. The heat pump is equipped with one reciprocating (piston) compressor with variable speed drive 
(VSD – 29-100 %) and cylinder unloading (10-28 %), which gives high efficiency at part load. Since 
ammonia is a toxic fluid (B2L) with pungent odour, the heat pump unit and the machinery room are 
designed according to the strict regulations of EN 378:2016 "Refrigerating Systems and Heat Pumps – 
Safety and Environmental Requirements". The heat pump unit is, among other things, located in a gas-
tight, ventilated cabinet with leak detector connected to an alarm system and is equipped with double 
high-/low-pressure relief valves with exhaust at the rooftop. 

 

 

 

 

 

 

 

Figure 1.5 The ammonia heat pump unit from NH₃ Solutions (Aaberg, 2019). 
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The heat pump unit is connected to 15 boreholes (BTES) with a total depth of 3,300 m. The GSHP 
supplies heat to radiators, heating coils in the air handling units (AHU) in the ventilation system and 
floor heating systems, preheats domestic hot water (DHW) and covers the entire process and space 
cooling demand of the building. District heating is used as peak load and back-up. 

Table 1.2 The SWECO Building, Bergen, Norway – summary of the system configuration. 

Heat distribution Radiators, heating coils, floor heating – design temp.  
60/40 °C with ambient temperature compensation 

Cooling distribution Process cooling (15/18 °C), space cooling (10/17 °C) 
Domestic hot water (DHW) production by system Preheating from GSHP (return water in heating system) 
Supplementary heat for space heating and DHW District heating 
Supplementary cooling City water for process cooling (back-up only) 
Nominal capacity of supplementary heating for space heating 290 kW (district heating) 
Nominal capacity of supplementary heating for DHW Included in the 290 kW 
Space heating load (SWECO offices only) 
DHW (SWECO offices only) 

225 MWh/year 
60 MWh/year 

Cooling load (SWECO offices only) 40 MWh/year (process/space cooling 15 / 25 MWh/year) 
Heat pump type B/W tailor-made heat pump unit – NH₃ Solutions 
Reversible Not internally reversible but heating or cooling mode 
Compressor type 1 x reciprocating (piston) compressor 
Speeds VSD + cylinder unloading (at low loads), 100-10 % 
Heat pump system Centralized – hydronic heating and cooling system 
Number of heat pump units 1 
Nominal total heat pump heating capacity 190 kW at 5/48 °C 
Nominal total heat pump heating capacity available for DHW Not available 
Nominal total heat pump cooling capacity [kW] 195 kW at 10/38 °C 
Refrigerant Ammonia (R717, NH₃), B2L (toxic, lower flammability) – 

GWP=0, very low charge (20 kg, i.e. approx. 0.1 kg/kW) 

Figure 1.6 shows a principle sketch of the thermal energy system with the GSHP (heat pump or liquid 
chiller) connected to systems for heating and cooling. District heating is used as peak load for space 
heating, heating of ventilation air and DHW heating. 
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Figure 1.6 Principle sketch of the thermal energy system with GSHP (heat pump and liquid chiller) connected to 
heating and cooling systems. Water is used as secondary fluid in the BTES (Aaberg, 2019). The 
different boundaries are marked with numbers and dotted lines according to the IEA HPT Annex 52 
boundary scheme, i.e. 0 (BTES incl. pump), 1 (heat pump units), 2 (BTES + heat pump units + pumps), 
3+ (2 incl. buffer tank/el. boiler), 4+ (3+ incl. pump) and 5+ (entire system) – Appendix A. 
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The GSHP system is operated in either "heating mode" or "cooling mode". 

• Heating mode (dominating heating demand). The circulating water from the BTES covers the 
process cooling demand ("free cooling") before it enters the evaporator for the GSHP unit. Most of 
the time there is no space cooling demand in the building. However, when the ambient temperature 
exceeds 15 °C valve MV3 opens and valve MV5 closes, and the small space cooling demand is 
covered with the relatively cold water from the BTES ("free cooling"). 

 The water from the BTES serves as a heat source for the heat pump unit in "heating mode". The 
compressor load and with that the heating (condenser) capacity for the ammonia heat pump unit 
is controlled according to the set-point temperature in the heating system (ambient temperature 
compensation). If the heat pump unit at max. capacity cannot cover the heating demand, heat is 
supplied from the district heating heat exchanger (peak load). 

 DHW is first preheated by condenser heat from the refrigeration system in the grocery store, 
reheated by the return water in the heating system in a DHW accumulator tank with integrated 
heat exchanger coil, and finally reheated to the set-point temperature (70 °C) by district heating.   

 

 

 

 

 

 

 

 

 

Figure 1.7 Principle sketch of the GSHP system in "heating mode" – dominating heating demand (Aaberg, 2019). 

• Cooling mode (dominating cooling demand). If the water temperature from the BTES (RT1) 
exceeds 15 °C, the space cooling demand cannot be covered by "free cooling" from the BTES and 
heat pump evaporator, and the heat pump unit must be operated as a liquid chiller. Valve MV12 
between the heating system and the BTES opens, and valve MV5 between the evaporator and the 
BTES closes. Since there is no space heating demand at this time of the year valve MV7 between 
the condenser and heating system is closed. 

 The compressor load and with that the cooling (evaporator) capacity is now controlled according 
to the set-point temperature in the cooling system (10 °C). The condenser heat is given off to the 
BTES via the heat rejection circuit. The capacity of pump P9 in the circuit is controlled to maintain 
35 °C supply temperature from the condenser. The 3-way control valve MV1 towards the BTES 
maintains a constant 30 °C water temperature (RT2) from the valve, i.e. constant return tempera-
ture to the condenser. Since water is used as secondary fluid there is no need of a heat exchanger 
between the condenser/heating system and the BTES. 
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Figure 1.8 Principle sketch of the GSHP system in "cooling mode" – dominating cooling demand (Aaberg, 2019). 

The GSHP system has never been operated in "cooling mode" since the BTES has sufficient capacity 
to cover the cooling demand even in very warm summers (e.g. Summer 2018). This means that the 
water temperature from the BTES never has exceeded 10 °C, which is the set-point temperature for 
the space cooling system. Further details are provided in the monitoring section. 

1.3 The Ground-Source System (BTES) 
The ground-source system (BTES) comprises 15 vertical boreholes in bedrock each 220 m deep, 
which gives a total depth of 3,300 m. The boreholes are drilled in a U-shape around the building with 
15 m average distance, Figure 1.9.  

 

 

 

 

 

 

Figure 1.9 Principle illustration of the borehole configuration for the BTES – U-shape (Aaberg, 2019). 

Despite the relatively large number of boreholes a Thermal Response Testing (TRT) was not carried 
out. Calculation of the thermal capacity/performance of the BTES was therefore based on average 
values for bedrock thermal conductivity, W/mK (Geological Survey of Norway) and values for thermal 
resistance for the borehole heat exchanger (mK/W) from other projects.  
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It's quite unique that water is used as the secondary fluid, but water is only an option in GSHP 
systems in relatively "warm" climatic zones (design outdoor temperature -10 °C or higher). Water has 
better thermophysical properties that any anti-freeze fluid (brine), but the minimum recommended 
operating temperature is +3 °C in order to avoid local freezing. In a standard GSHP system the minimum 
brine temperature is about -2 °C to -4 °C, which gives a much larger flexibility for the system. 

A two-pipe distribution system in the parking garage connects the borehole heat exchangers (BHE) to 
the cooling system, the heat pump evaporator and the heat rejection circuit, Figure 1.10. This design 
minimizes the risk of frost. 

 

 

 

 

 

 

 

Figure 1.10 Two-pipe distribution system in the parking garage (incl. control and shut-off valves) between the 
borehole heat exchangers (BHE) and the heat pump unit in the machinery room (Aaberg, 2019). 

Table 1.3 The SWECO Building, Bergen, Norway – summary of the ground source and sink (BTES). 

Ground source Vertical boreholes in bedrock 
Loop type Closed loop 
Ground composition Green stone and green slate3 
Groundwater level Not available 
Annual mean air temperature (measured) 7.8 °C – Bergen 
Undisturbed ground temperature Not measured (no TRT) 
Design ground thermal conductivity Estimated – approx. 3.5 W/(mK)1 
Specific ground heat capacity Estimated – approx. 2.15 MJ/(m3K) 
Min. ground heat exchanger fluid temperature +3°C (restriction due to water as secondary fluid) 
Max. ground heat exchanger fluid temperature Approx. 35°C (actually no practical limit for water) 

 

Table 1.4 The SWECO Building – summary of the ground heat exchanger – vertical boreholes in bedrock. 

Number of boreholes 15 
Borehole length 220 m (average) 
Total borehole length 3,300 m 
Average distance between boreholes 15 m 
Borehole geometric distribution U-shape 
Borehole diameter 115 mm 
Borehole filling material Groundwater, high groundwater level – no grouting 
Borehole heat exchanger type Single U-tube – DN40, PN10, SDR17, PE100 – smooth tube 
Design Effective thermal resistance per unit length No information 
Source side pipe characteristics 40 mm/2.4 mm (standard dimension < 250 m depth) 
Source side secondary fluid type Water 
Average source side water flow in operation Not available 

 
3 NGU – Geological Survey of Norway 
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2. MONITORING SYSTEM 
 

2.1 Instrumentation 
Table 2.1 The SWECO Bldg. Summary of the system monitoring – instrumentation and accuracy (Aaberg, 2019). 

GSHP measurement point Instrumentation Accuracy 
Source side – circulation pump electricity use Scandinavian Electric CVM-MINI-HAR ± 0.5 % of full scale 
Source side – volume flow rate Integrated flow meter in energy meter ± (0.5 + DQ min/ DQ) % 
Source side – ground source supply temperature Honeywell VF20 ± 0.3 K 
Source side – ground source return temperature Honeywell VF20 ± 0.3 K 
Source side – heat flow rate Not available  
Heat pump – electricity use – one for each unit Scandinavian Electric CVM-MINI-HAR ± 0.5 % of full scale 
Heat pump – power/energy supply Kamstrup Multical 602 energy meter ± (0.15 + 2/ DQ) % 
Heat pump – pressure drop No Dp meter  
Load side – circulation pump electricity use No power/energy meter for pumps  
Load side – volume flow rate Integrated flow meter in energy meter ± (0.5 + DQ min/ DQ) % 
Load side – heat pump supply temperature Honeywell VF20 ± 0.3 K 
Load side – heat pump return temperature Honeywell VF20 ± 0.3 K 
Load side – pressure drop No Dp meter  
Supplementary heating electricity use (electro boiler) Scandinavian Electric CVM-MINI-HAR ± 0.5 % of full scale 
Supplementary cooling electricity use No supplementary cooling required  
Thermal distribution system measuring points Instrumentation Accuracy 

Load side – thermal power/energy supply Kamstrup Multical 602 energy meter ± (0.15 + 2/ DQ) % 
Load side – supply temperature Honeywell VF20 ± 0.3 K 
Load side – return temperature Honeywell VF20 ± 0.3 K 

 
 

2.2 Performance Metrics 
The most relevant measurements for the GSHP system in The SWECO building are: 

• BTES (borehole system) 
o Electric power/energy meter for pumps 

o Supply/return brine temperatures 

• Heat pump units and district heating – performance factors (PF) vs. temperature levels 
o Thermal power/energy meter – heating, preheating of DHW, peak load heating, cooling 

o Electric power/energy meter 

• Distribution systems – heating (space heating, heating of ventilation air, DHW heating) 
o Thermal power/energy meter – heat distribution system 
o Electric power/energy meter for pumps 
o Supply/return temperatures 

• Distribution systems – cooling (process cooling, space cooling) 
o Thermal power/energy meter – heat distribution system 
o Supply/return temperatures  
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In addition to the input power/energy to the heat pump units, the input power/energy for the circulation 
pumps in the BTES and the hydronic heating and cooling systems were measured. 

The measurements from the SWECO Building, which are presented in Chapter 3, are in accordance 
with the IEA HPT Annex 52 boundary levels and performance factor definitions (Appendix B), page 56. 

Figure 2.1 shows the location of the thermal power/energy meters (OE) and the most relevant tempe-
rature sensors (RT) for the heat pump units, the BTES and the distribution systems for heating and 
cooling. The electric power/energy meters for the heat pump units are not shown.  

 

 

 

 

 

 

 

 

Figure 2.1 Principle sketch of the thermal energy system with location of thermal power/energy meters (OE) and 
temperature sensors (RT) (Aaberg, 2019). 

Appendix A2 shows an enlarged principle sketch of the thermal energy system including the IEA HPT 
Annex 52 boundaries, i.e. 0 (BTES incl. pump), 1 (heat pump units), 2 (BTES + heat pump units + 
pumps), 3+ (2 incl. buffer tank/el. boiler), 4+ (3+ incl. pump) and 5+ (entire system). 
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3. PERFORMANCE MONITORING RESULTS 
The monitoring period for The SWECO Building was from January to December 2018 (1 year). 

 

3.1 Building Thermal Loads and Thermal Supply 
Figure 3.1 shows the measured annual heating demand (kWh/year) for radiators, ventilation heating 
coils and domestic hot water (DHW) as well as the annual cooling demand (kWh/year) for process 
cooling and ventilation cooling coils for the SWECO-part of the building (floor 2-4). 

 

 

 

 

 

 

 

 

 

 

Figure 3.1 Measured annual heating/cooling demands for the SWECO-part of the building, 2018 (Aaberg, 2019). 

Heating demands 

• The measured heating demand, where the climate dependent part was adjusted to a "normal year", 
was more than twice as high as the calculated heating demand. The deviation can partly be 
explained by high DHW consumption in the cantina, high heat loss for circulation of DHW and 
possible measuring error for the thermal power/energy meters. 

Cooling demands 

• The measured process (computer) cooling demand was about 90 % lower than calculated. This is 
because less computers have been installed that originally planned and the fact that computer 
cooling very often is overestimated to ensure sufficient cooling power. 

• The measured cooling demand for ventilation air (space cooling) was about 5 times higher than 
calculated. One reason is that the ambient air temperatures during the measuring period were 
higher than the temperatures used in the simulation tool Simien4. A general experience is that 
Simien underestimates the space cooling demand (kWh/year) since the standard boundary 
conditions in Simien do not take into account lower set-point temperature, user behaviour etc.  

 
4 Simien – Norwegian software for building simulations (https://www.programbyggerne.no/SIMIEN/) 
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3.2 Ground-Source System Performance 
Figure 3.3 shows the measured supply and return water temperatures in the ground-source system 
(BTES) plotted against the evaporator (cooling) capacity for the period April to November, whereas 
Figure 3.4 shows a duration curve for the water temperatures. The whole of 2018 could not be analysed 
due to a measuring error for the temperature sensors parts of the year.  

 

 

 

 

 

 

 

 

 

 

 

Figure 3.2 Measured supply temperature from the BTES (RT1) and return temperature to the BTES (RT15) 
plotted against the evaporator (cooling) capacity, April 1st to November 20th, 2018 (Aaberg, 2019). 

• The measured supply water temperature from the BTES varied between approx. 6 °C and 10 °C 
while the return water temperature to the BTES varied between approx. 5 °C and 12 °C. 

• The return water temperature to the BTES was never lower than the minimum acceptable 
temperature for the water (approx. 3 °C), and the BTES was in annual thermal energy balance. 

o It's important that the water temperature does not drop below approx. 3 °C in order to avoid 
risk of local freezing and consequent operational problems. It the temperature becomes too 
low during wintertime the heating capacity of the GSHP unit must be reduced and in a worst 
case scenario the GSHP unit must be switched off. 

• The supply water temperature from the BTES never exceeded approx. 10 °C, which means that 
the temperature was sufficiently low to cover the entire cooling demand (set-point 10 °C) even 
during very warm summer days (2018). 

o The capacity of the GSHP unit was designed according to a maximum cooling demand of 195 
kW at 10/38 °C, but the GSHP has never been operated in "cooling mode" (i.e. liquid chiller 
operation). Consequently, the GSHP unit has been considerably oversized since the esti-
mated max. heating power demand is 110 kW, and the heat pump unit never has been 
operated above approx. 50 % of the maximum available capacity (see Chapter 3.3 "Heat 
Pump Performance"). 
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3.3 Heat Pump Performance 
The heat pump unit is a high-quality tailor-made ammonia (NH₃, R717) unit from NH₃ Solutions. The 
heating and cooling capacity is 190 kW at 5/48 °C and 195 at 10/38 °C, respectively. The heat pump is 
equipped one reciprocating (piston) compressor with variable speed drive (VSD – min. 29 % of max. 
capacity) and cylinder unloading (min. 10 %).  

In 2018 the heat pump unit covered 94 % of the demand for space heating and heating of ventilation 
air (i.e. 94 % energy coverage factor) and 78 % of the total heating demand (heating + DHW). 

Domestic hot water (DHW) is preheated by the return water in the condenser circuit for the heat pump, 
and due to the low average temperature level (approx. 35 °C) the heat pump only covered approx. 20 
% of the annual DHW heating demand, Figure 3.3. 

• There are several ways to increase the energy coverage factor for DHW heating for the heat pump 
unit, e.g. using the supply water instead of the return water for preheating (average temp. approx. 
42 °C), applying a desuperheater (temperature level approx. 80-110 °C) for reheating of DHW to 
the set-point temperature (70 °C) or increasing the supply temperature from the heat pump for 
preheating of DHW when there is no space heating demand in the building (i.e. adjusted ambient 
air compensation curve). 

 

 

 

 

 

 

 

 

 

 

Figure 3.3 Measured annual DHW energy coverage factor for heat recovery from the grocery store (12 %), heat 
pump unit (19 %) and district heating (69 %), 2018 (Aaberg, 2019). 

Figure 3.4 shows the measured monthly average performance factor for heating only and heating/-
cooling, excl. and incl. input power/energy to the BTES pump: 

• M-PFH1 (heating only, without BTES pump) 

• M-PFH2 (heating only, with BTES pump) 

• M-PFHC1 (heating/cooling, without BTES pump) 

• M-PFHC2 (heating/cooling, with BTES pump) 

Figure 3.5 shows the measured monthly average performance factor for heating only, excl. and incl. 
power/energy to the BTES pump, M-PFH1, and corresponding temperatures for the heat pump unit.  
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Figure 3.4 Measured monthly performance factors in 2018 for the heat pump without or with input power to the 
BTES pump – M-PFH1, M-PFH2, M-PFHC1 and M-PFHC2 (Aaberg, 2019). 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 3.5 Measured monthly performance factor in 2018 for the heat pump, heating only and including input 
power to the BTES pump – M-PFH1 – as well as corresponding water temperatures for the heat pump 
unit (Aaberg, 2019). 

The measured performance factors (PF) are much lower than expected since the ammonia heat pump 
unit has a "high-efficiency" refrigerant and design/operation that should lead to a very high PF. 

Pe
rf

or
m

an
ce

 fa
ct

or
 (-

) 
M-PFH1 M-PFH2 M-PFHC1 M-PFHC2 

Month 
Jan Feb Mar Apr May Jun Jul Aug Sep Oct Nov Dec TOT 

Te
m

pe
ra

tu
re

 (°
C)

 

Pe
rf

or
m

an
ce

 fa
ct

or
 (-

) 

Inlet evaporator  Outlet evaporator  Outlet condenser  Temperature lift (Dt) M-PFH1 

Jan Feb Mar Apr Mai Jun Jul Aug Sep Oct Nov TOT 

 



 

32 
 

• The main reason for the low performance factor is the fact that the heat pump unit is oversized, 
i.e. the heating capacity is more than twice as high as required. At low part load, even with energy 
efficient VSD and cylinder unloading, the performance factor for the heat pump unit will be lower 
than at full load. Figure 3.6 shows that the compressor load has been varying between 10 and 50 
%, and the average compressor load during the year was as low as 25 %. 

 

 

 

 

 

 

 

 

 

 

Figure 3.6 Measured relative capacity (relative compressor load) for the heat pump unit – 2018 (Aaberg, 2019). 

• The heat pump unit was designed to cover the maximum cooling demand of 195 kW. However, 
since the borehole system (BTES) has the capacity to cover the entire cooling demand, the heat 
pump should have been designed for about 40-50 % of the max. heating power demand at design 
outdoor temperature, DOT (base load – approx 50-60 kW). This would have given a much cheaper 
and more energy efficient heat pump plant. Oversizing of the heating capacity has been a major 
problem for many heat pump plants in Norway. 

• If the BTES did not have the required cooling capacity and the heat pump had to cover the max. 
cooling demand, the heat pump should have been equipped with two compressors or the heat 
pump plant should have been equipped with two heat pump units with VSD compressors. In 
addition to improving the performance factor at part load, two heat pump units will provide greater 
security of supply since one heat pump unit will be available if one of the units has operational 
problems and need service/maintenance. The lifetime for the heat pump plant will also increase 
since the annual wear and tear for each heat pump unit will be reduced. 
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4. LESSONS LEARNT 

In order to attain a successful ground-source heat pump plant with high annual energy saving, minimum 
operational problems and long lifetime, it's crucial to have a total perspective and optimize the ground-
source installation (BTES) together with the GSHP plant and the heating and cooling systems. 

• The measured climate dependent heating and cooling demands (kWh/year) and the domestic hot 
water (DHW) heating demand was considerably higher than the calculated values 

o Recommendation – To enable optimum design and dimensioning of the GSHP system it's 
crucial to carry out detailed calculations for the heating and cooling demands – max. power 
and annual energy demand – power demand duration curves (space heating, heating of 
ventilation air, DHW heating – space cooling, process/computer cooling) 

• There is a mismatch between the thermal capacity of the borehole system (BTES) and the thermal 
capacity of the heat pump unit/liquid chiller since the BTES has sufficient capacity to cover the 
max. cooling power demand at the same time as the capacity for the heat pump unit has been 
designed according to the max. cooling power demand. 

o Recommendation – In the design phase it's crucial to carry out detailed calculations for the 
BTES to optimize the number of boreholes and the borehole configuration. 

• Water is used as secondary fluid in the BTES instead of an anti-freeze fluid (brine) 

o Water has better thermophysical properties than all anti-freeze fluids, and the costs will be 
reduced since water is cheap and several heat exchangers may be omitted. However, since 
the minimum operating temperature for water is about 3 °C the BTES system with water will 
be less robust than a brine system (risk of freezing). The required number of boreholes and 
with that the costs will be also higher since the minimum allowable brine temperature is 
between -2 °C and -4 °C. If water is to be considered as a secondary fluid BTES simulations 
should be carried out with both water and brine in addition to an LCC analysis (optimization). 

• The ammonia heat pump unit has been oversized since the BTES covers the entire cooling 
demand and the heat pump never has been operated as a liquid chiller. Operation at low loads 
over longer periods will lead to a low performance factor even for a compressor with VSD. 

o Recommendation – In order to achieve the most flexible GSHP system with high performance 
factor at all operating conditions, the heat pump plant should have been equipped with 2 heat 
pump units, each with a VSD scroll-/piston compressor or one or several piston compressors 
with cylinder unloading. Alternatively, a single heat pump unit with 2 or more compressors 
with VSD or cylinder unloading could have been used. The volume of the buffer tank between 
the condenser circuit and the heating system should be designed according to the minimum 
heating capacity of the heat pump, typically 30 litres per kW. 

• The domestic hot water (DHW was preheated by the return water in the condenser (heat pump) 
circuit, and the energy coverage factor for the heat pump was only 20 %. 

o Recommendation – The energy coverage factor for DHW heating will increase if the supply 
water in the condenser circuit is used for preheating due to the higher temperature level. 
Reheating of DHW can be obtained by using a desuperheater, and this is especially beneficial 
with ammonia as refrigerant due to high discharge gas temperature. Another approach is to 
increase the supply temperature from the heat pump when there is no or little space heating 
demand (i.e. adjusted ambient air compensation curve) to increase the coverage factor.   
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PROJECT 3 – MOHOLT 50|50 

1. BACKGROUND 

The analysis of and the results from 
the Moholt 50|50 ground-source heat 
pump (GSHP) project have been 
based on the Project and Master 
Thesis (2019/20) of Master student 
Ms. Anja Meisler at The Norwegian 
University of Science and Techno-
logy (NTNU), Trondheim, Norway. 

 

 

 

1.1 The Project – the Buildings 
Moholt 50|50 student town in Trondheim, Norway (Studentsamskipnaden) was completed in 2016. It 
comprises an innovative thermal energy system for 5 blocks of flats in massive wood and of passive 
house standard, a library and a kindergarten. In the first floor of the blocks of flats there is a laundry, a 
fitness centre and a supermarket. The total heated area is 25,000 m². Due to the very low specific 
heating demand (kWh/year), space heating is covered by low-cost electric baseboard heaters and 
electric floor heating. A GSHP system covers the domestic hot water (DHW) heating demand (domi-
nating heating load) as well heating and cooling of ventilation air. Heat from solar collectors, a waste-
water heat exchanger and ventilation air are used for thermal charging of the BTES. The project won 
both The Norwegian Heat Pump Award and The Trondheim Energy Conservation Award in 2017. 

 

 

 

 

 

 

 

Figure 1.1 Moholt 50|50 student town in Trondheim with unique blocks of flats in solid wood (Photo – Glamox).  
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Figure 1.2 Moholt 50|50 student town in Trondheim with 5 blocks of flats (incl. a laundry, a fitness centre and a 

supermarket) as well as a library and a kindergarten (Illustration – SiT/MDH Arkitekter). 

 

 

 

 

 

 

 

Figure 1.3 Moholt 50|50 student town in Trondheim (Photo Juan Carlos Ayala). 

 

 

 

 

 

 

 

 

 

 

 

Figure 1.4 Moholt 50|50 is located in Trondheim, Norway (kart.gulesider.no). 
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Table 1.1 Moholt 50|50, Trondheim, Norway – summary of the building features. 

Location Trondheim, Norway 
Year of building's construction 2016/17 
Ground source system operation start date 2016 – October 
Building types Blocks of flats in solid wood (including laundry, fitness centre 

and supermarket, first floor), library and kindergarten 
Building heated area (BHA) 25,000 m2 
Analysed monitoring start date 2016 – October 
Analysed monitoring period 2020 – February 
Unique features of the system Blocks of flats in massive wood and of passive house 

standard. GSHP for DHW heating and heating/cooling of 
ventilation air via small-scale district heating/cooling 
systems. Unique thermal charging of BTES from solar 
collectors, wastewater (grey/black water) and vent. air. 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 1.5 Estimated power duration curve for heating of domestic hot water (DHW), heating of ventilation air and 
combined cooling of ventilation air and thermal charging of the BTES (Meisler, 2019/20). 

1.2 The Heat Pump System 
The ground-source heat pump (GSHP) plant comprises a unique prefabricated thermal energy 
plant from Lithuania with 3 identical single-stage R401A heat pump units with a total heating capacity 
of 252 kW at 3/55 °C, one 100 kW electro boiler (peak load), pumps for the borehole system (BTES) 
and the heat distribution system (small-scale district heating network) with pre-insulated steel pipes, 
accumulator tanks, expansion systems, water treatment systems etc. Each heat pump unit (Carrier 
AquaSnap 61WG-090-0331-PE) is equipped with 2 scroll-compressors with on/off control. The heat 
pump units are connected in parallel on the condenser side since the pressure loss would be too 
large with a serial connection, but a serial connection would have increased the performance factor. 

Heat is given off to secondary heat distribution systems via pre-fabricated heat exchanger stations 
for heating of domestic hot water (DHW) and ventilation air in the individual buildings. The supply 
temperature in the small-scale district heating system is constant 52 °C throughout the year since the 
DHW set-point temperature is 50 °C. An anti-legionella system (www.apurgo.no) has been installed in 
the secondary DHW systems to prevent the growth of legionella bacteria in the DHW storage tanks.  
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Figure 1.6 Principle thermal energy flow diagram for the GSHP system at Moholt 50|50 for DHW heating and 
heating/cooling of ventilation air (Meisler, 2019/20). 

 

 

 

 

 

 

 

 

 

 

 

Figure 1.7 Principle design of the GSHP heating and cooling system (Meisler, 2019/20). The different boun-
daries are marked with numbers and dotted lines according to the IEA HPT Annex 52 boundary 
scheme, i.e. 0 (BTES incl. pump), 1 (heat pump units), 2 (BTES + heat pump units + pumps), 3+     
(2 incl. buffer tank/el. boiler), 4+ (3+ incl. pump) and 5+ (entire system) – Appendix A. 
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Figure 1.8 Principle sketch of the heat exchanger sub-station installed in the individual bldgs. (Meisler, 2019/20). 

 

 

 

 

 

Figure 1.9 The Carrier AquaSnap R410A heat pump units with 252 kW total heating capacity at 3/55 °C. 

Table 1.2 Moholt 50|50, Trondheim, Norway – summary of the system configuration. 

Heat distribution Small-scale district heating system from the GSHP plant 
to individual buildings – constant 52 °C supply temp. 

Cooling distribution Brine pipelines from the BTES to the individual buildings 
– combined cooling/heating coils in air handling units 
(AHU) in the ventilation systems 

Domestic hot water (DHW) production by system Heat exchanger stations in the individual buildings 
Supplementary heat for space heating Space heating covered by electric baseboard heaters 
Supplementary heat for DHW Electric resistance heating in the DHW storage tanks 
Supplementary cooling The main purpose of space cooling is thermal charging 

of the BTES. No supplementary cooling required. 
Nominal capacity of supplementary heating for space heating Electric baseboard heaters in the individual rooms 
Nominal capacity of supplementary heating for DHW 100 kW electro boiler in the GSHP plant 
Heating load (ventilation air) 160 MWh/year (approx. 30 kWh/year) 
DHW load 
Cooling load 

650 MWh/year 
120 MWh/year – from BTES (thermal charging of BTES) 

Heat pump type B/W heat pump unit – Carrier Aqua Snap 61WG-090 
Reversible No 
Compressor type 2 scroll compressors for each heat pump unit 
Speeds On/off control 
Heat pump system Centralized – small-scale district heating/cooling system 
Number of heat pump units 3 
Nominal total heat pump heating capacity 252 kW at 3/55 °C 
Nominal total heat pump heating capacity available for DHW 252 kW for heating of DHW and ventilation air 
Nominal total heat pump cooling capacity [kW] Not available – cooling with cold brine from BTES 
Refrigerant R410A (low charge, GWP 2090) 
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Figure 1.10 Screen-shot from the monitoring system – the GSHP plant with 3 heat pump units and electro boiler 
with connection to the BTES and the heat distribution system (small-scale district heating network). 

1.3 The Ground-Source System (BTES) 
The ground-source system (BTES) comprises 23 vertical boreholes in bedrock each 250 m deep, 
which gives a total depth of 5,750 m. The borehole heat exchangers (BHE) are connected to three 
pre-fabricated connection wells with shut-off valves and balancing valves. The boreholes are drilled in 
a non-symmetrical configuration between the kindergarten and blocks of flats, Tower C, and the 
distance between the boreholes ranges from 5 to 15 m. The reason for the stretched-out and non-
symmetrical borehole configuration is that the drilling company faced repeated problems during the 
drilling due to "difficult rock conditions". 

Despite the relatively large number of boreholes a Thermal Response Testing (TRT) was not carried 
out, and it's not clear if detailed simulations of the BTES were carried out to optimize the BTES. 

Figure 1.11 shows a principle sketch of the borehole configuration for the BTES with connection wells 
and pipelines system with circulating brine. The sketch also shows the location of the thermal energy 
plant with GSHP and electro boiler as well as the pipelines for the small-scale district heating network 
connected to the different buildings. 

A unique feature for the Moholt 50|50 project is that the BTES is thermally charged by three different 
sources which together maintain annual thermal energy balance in the BTES. Thermal charging with 
ventilation air also provides cooling of the ventilation air during the summer. 

• Flat plate solar collectors – Located at the kindergarten roof-top, 29 x 2.51 m² = 73 m² com-
bined with a pre-fabricated "solar station" (plate heat exchangers, pumps and valves) 

• Wastewater heat exchanger – 30 °C wastewater (grey/black water), ID 185 mm counter-flow 
water to brine heat exchanger 5 x 5 m, heat transfer surface in stainless steel in lower part of the 
pipeline, copper rings to prevent biofilm (www.ragtherm.com)  

• Ventilation air thermal wheel – Heat from ventilation air via cooling coils in air handling units 
(AHU) when tambient > 12 °C & heat from cooling of ventilation air at tambient > 20 °C  
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Figure 1.11 Principle sketch of the borehole configuration for the BTES with connection wells and brine 
pipelines, heating plant with GSHP and electro boiler as well as pipelines for the small-scale district 
heating network. BF – blocks of flats, LB – library, KG – kindergarten (Meisler 2019/20). 

 

 

 

 

 

 

Figure 1.12 Principle sketch of the counterflow wastewater (grey/black water) heat exchanger, 5 x 5 m, ID 185 
mm, for thermal charging of the BTES (Meisler, 2019/20). 
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Figure 1.13 Principle sketch of an air handling unit (AHU) with thermal wheel (rotary heat exchanger) and coil for 
heating or cooling (combi-coil) for among other things utilization of ventilation air for thermal charging 
of the BTES (Meisler, 2019/20). 

• Winter operation – The thermal wheel (rotary heat exchanger) transfers heat from the approx.   
23 °C exhaust air to the cold supply air with typically 75-84 % % thermal efficiency. The inlet air 
is reheated with heat from GSHP via the small-scale district heating network and then with the 
combi-coil (heating mode). The supply air temperature is approx. 20 °C. 

• Intermediate period – At higher ambient temperatures there is no longer need for reheating of the 
inlet air by the combi-coil, and the rotational speed (rpm) of the thermal wheel is adjusted to 
achieve a supply temperature of 20 °C. 

• Thermal charging period – At ambient temperatures above 12 °C the rotational speed (rpm) of 
the thermal wheel is set at maximum thus overheating the inlet air. The overheated inlet air is 
then cooled by the combi-coil (cooling coil) to 20 °C, and heat is transferred to the brine for 
thermal charging of the BTES. The start-temperature for thermal charging should have been 7 °C 
but this was not feasible due to built-in set-points in the software for the air handling units. 

• Space cooling period – At ambient air temperatures above 20 °C the inlet air can be cooled to a 
lower temperature by the combi-coil in order to provide chilled air on warm summer days. 

 

 

 

 

 

 

 

Figure 1.14 Flat plate solar collectors with "solar station" for thermal charging of the BTES.  
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Table 1.3 Moholt 50|50, Trondheim, Norway – summary of the ground source and sink (BTES). 

Ground source Vertical boreholes in bedrock 
Loop type Closed loop 
Ground composition Green stone and green slate5 
Groundwater level -20 m 
Annual mean air temperature (measured) 4.9 °C – Trondheim 
Undisturbed ground temperature Not measured (no TRT) 
Design ground thermal conductivity Estimated – approx. 3.0 W/(mK)1 
Specific ground heat capacity Estimated – approx. 2.15 MJ/(m3K) 
Min. ground heat exchanger fluid temperature Approx. 0 °C 
Max. ground heat exchanger fluid temperature Approx. 15 °C (HXi-24, flame point 33 °C) 

 

Table 1.4 Moholt 50|50, Trondheim, Norway – summary of the GHE – vertical boreholes in bedrock. 

Number of boreholes 23 
Borehole length 250 m (average) 
Total borehole length 5,750 m 
Distance between boreholes 5 to 15 m 
Borehole geometric distribution (configuration) Irregular – ref. Figure 1.12 
Borehole diameter 115 mm 
Borehole filling material Groundwater, relatively high groundwater level – no grouting 
Borehole heat exchanger type Single U-tube – DN40, PN10, SDR17, PE100 – smooth tube 
Design Effective thermal resistance per unit length No information 
Source side pipe characteristics 40 mm/2.4 mm (standard dimension < 250 m depth) 
Source side secondary fluid type HXi-24 – water-ethanol 24% (freezing point approx. -10 °C) 
Average source side brine flow in operation 0.55-0.60 litres/s for each borehole heat exchanger (BHE) 

 
  

 
5 NGU – Geological Survey of Norway 
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2. MONITORING SYSTEM 
 

2.1 Instrumentation 
Table 2.1 Moholt 50|50. Summary of the system monitoring – instrumentation and accuracy (Meisler, 2020). 

GSHP measurement point Instrumentation Accuracy 
Source side – circulation pump electricity use No power/energy meter for pumps  
Source side – volume flow rate No flow meter  
Source side – ground source supply temperature Thermasgard TF54 ± 0.2 K 
Source side – ground source return temperature Thermasgard TF54 ± 0.2 K 
Source side – heat flow rate No thermal power/energy meter  
Heat pump – electricity use – one for each unit No info available  
Heat pump – power/energy supply Kamstrup Multical 603 energy meter ± (0.15 + 2/ DQ) % 
Heat pump – pressure drop No Dp meter  
Load side – circulation pump electricity use No power/energy meter for pumps  
Load side – volume flow rate Integrated flow meter in energy meter ± (0.5 + DQ min/ DQ) % 
Load side – heat pump supply temperature Thermasgard TF54 ± 0.2 K 
Load side – heat pump return temperature Thermasgard TF54 ± 0.2 K 
Load side – pressure drop Premasgard SHD < 3 % 
Supplementary heating electricity use (electro boiler) No info available  
Supplementary cooling electricity use No supplementary cooling  
Thermal distribution system measuring points Instrumentation Accuracy 
Load side – thermal power/energy supply Kamstrup Multical 603 energy meter ± (0.15 + 2/ DQ) % 
Load side – supply temperature Thermasgard TF54 ± 0.2 K 
Load side – return temperature Thermasgard TF54 ± 0.2 K 

 
 

2.2 Performance Metrics 
The most relevant measurements for the Moholt 50|50 GSHP system are: 

• BTES (borehole system) 
o Supply/return brine temperatures 

• Heat pump units – performance factors (PF) vs. temperature levels 
o Thermal power/energy meter – DHW heating, heating of ventilation air 
o Electric power/energy meter 

• Distribution systems – heating in individual bldgs. (DHW heating, heating of ventilation air) 
o Thermal power/energy meters 
o Supply/return temperatures 

• Distribution systems – cooling of ventilation air in individual bldgs. 
o Thermal power/energy meters 
o Supply/return temperatures 

• Pumps – BTES and different distribution systems 
o Electric power/energy meters 

• Systems for thermal charging of BTES (solar collectors, wastewater HX, combi HX) 
o Thermal power/energy meters 
o Supply/return temperatures  
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In addition to the input power/energy to the heat pump units, the input power/energy for the circulation 
pumps in the BTES and the hydronic heating and cooling systems were measured. 

The measurements for Moholt 50|50, which are presented in Chapter 3, are in accordance with the IEA 
HPT Annex 52 boundary levels and performance factor definitions (Appendix B), page 56. 

Figure 2.1 shows a principle sketch with of the GSHP system with the location of the thermal power/-
energy meters (E) and the most relevant temperature sensors (RT), pressure sensors (RP) and 
flow meters (RF) for the heat pump units, the BTES, the three systems for thermal charging of the 
BTES (wastewater, ventilation air, solar collectors) and the heat distribution system. The electric 
power/energy meters for the heat pump units are not shown in the sketch. 

 

 

 

 

 

 

 

 

 

 

 

 
Figure 2.1 Principle sketch of the thermal energy system at Moholt 50|50 with location of thermal power/energy 

meters (E), temperature sensors (RT), pressure sensors (RP) and flow meters (RF). Electric meters 
for the heat pump units etc. are not shown (Meisler, 2020). 

Appendix A3 shows an enlarged principle sketch of the thermal energy system including the IEA HPT 
Annex 52 boundaries, i.e. 0 (BTES incl. pump), 1 (heat pump units), 2 (BTES + heat pump units + 
pumps), 3+ (2 incl. buffer tank/el. boiler), 4+ (3+ incl. pump) and 5+ (entire system). 

 

 

 

 

  

BTES 

Heat 
pump 
units 

Solar 
collectors 

Heat exchanger 

Electro boiler 

AHU 
charging 
cooling 

Heat 
exchanger 

Heat 
distri-
bution 

Wastewater 



 

45 
 

3. PERFORMANCE MONITORING RESULTS 
The monitoring period for Moholt 50|50 was June 2016 to November 2019 (42 months). 

 

3.1 Building Thermal Loads and Thermal Supply 
The GSHP system covers the heating demand for domestic hot water (DHW) and ventilation air (cf. 
Figure 1.5) while space heating is covered by electric baseboard heaters. The heating demands were 
measured for the individual buildings but in this report only the total heating demands are presented. 

Figure 3.1 shows the measured annual heating demand for domestic hot water (DHW) for the five 
blocks of flats and the kindergarten (MWh/year), whereas Figure 3.2 shows the measured annual 
heating demand for ventilation air (MWh/year), also including the library. 

 

 

 

 

 

 

 

 

 

Figure 3.1 Measured annual heating demand for DHW, 2017-19 vs. the design value (Meisler, 2020). 

 

 

 

 

 

 

 

 

 

 

 

Figure 3.2 Measured annual heating demand for ventilation air, 2017-19, vs. the design value (Meisler, 2020).  
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• The average annual heating demand for DHW is about 1,000 kWh/(year∙person) in the blocks of 
flats and 200-250 kWh/(year∙person) for the kindergarten. There is a very small deviation between 
the measured annual heating demand for domestic hot water (DHW) and the design value. The 
reason is that the DHW heating demand has been based on measured DHW heating demands 
from similar building types, and that clearly demonstrates the great benefit of using measurement 
data when designing DHW systems. 

o In the Norwegian research project "Varmtvann 2030" (Hot Water 20306), that lasts from 2017 
to 2021, building owners and suppliers work together with SINTEF and NTNU to increase the 
knowledge of the use of DHW. An important part of the project is extensive field measure-
ments in residential buildings, nursing homes and hotels. 

• The measured annual heating demand for ventilation air is more or less constant and about 40 % 
lower than the design value. The deviation between the measured values and the design value is 
most likely due to a combination of smaller air flow rates, slightly higher average thermal efficiency 
for the rotary heat exchangers and measurement errors. 

Figure 3.3 shows the measured monthly cooling demand (MWh/month) in 2018 and 2019 for one of the 
blocks of flats (Bldg. E) and of all five blocks of flats.  

 

 

 

 

 

 

 

 

 

 

Figure 3.3 Measured monthly cooling demands for blocks of flats, 2018-2019 (Meisler, 2020). 

• There inlet ventilation air is cooled May to September by the brine in the BTES system via combi-
coils in the air handling units (AHU). The measured cooling demand is somewhat lower than the 
design value, but this is not so important since the "useful cooling" is a result of thermal charging 
of the BTES. 

 

  

 
6 https://www.sintef.no/projectweb/varmtvann/english/#/ 
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3.2 Ground-Source System Performance 
Figure 3.3 shows the measured monthly heat supply (MWh/month) to the BTES from wastewater, solar 
collectors and ventilation air in 2019. 

 

 

 

 

 

 

 

 

 

 

 
Figure 3.4 Measured monthly heat supply (MWh/month) to the BTES from wastewater, solar collectors and 

ventilation air in 2019 (Meisler, 2020). 

• Wastewater at moderate temperature (30 °C) supplied about 175 MWh heat to the BTES in 2019 
which is about of 50 % of the total heat supply from the three different sources. The total costs for 
the wastewater heat exchanger were approx. 180.000 €, i.e. about 0.06 € per kWh heat delivered 
when assuming 30 years economic lifetime and 4 % interest rate. 

o Utilization of wastewater for thermal charging of BTES is a very interesting and profitable 
concept with long lifetime and a minimum of maintenance 

• Ventilation air at moderate temperature (<25 °C) supplied about 130 MWh heat to the BTES in 
2019 which is about of 38 % of the total heat supply from the three different sources. The extra 
costs for utilizing the ventilation for thermal charging of the BTES are low. By changing the ambient 
temp. set-point for start-up of the thermal charging from 12 °C to 7 °C, the annual heat supply 
would have been increased by approx. 75 %, from 130 MWh/year to 230 MWh/year, Figure 3.5. 

o Utilization of ventilation air for thermal charging of BTES is an interesting and very profitable 
concept that also provides space cooling in the summer time 

• Solar collectors supplied about 40 MWh heat to the BTES in 2019 which is about of 12 % of the 
total heat supply from the three different sources. The total costs for the solar collectors were 
approx. 130,000 €, i.e. 0,18 € per kWh heat delivered when assuming 30 years economic lifetime 
and 4 % interest rate. 

o Utilization of solar collectors for thermal charging of BTES is very expensive compared to 
utilization of wastewater and ventilation air, and is not recommended. 
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Figure 3.5 Ambient temperature duration curve for Trondheim, Norway with indication of the number of hours per 

year for temperatures above 7 °C and 12 °C (Meisler, 2020). 

Figure 3.6 shows the measured weekly average brine temperatures from thermal charging from the 
three sources (wastewater, ventilation air, solar collectors) and from the BTES. 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 3.6 Measured weekly average brine temperatures from thermal charging (red), to the BTES (orange) and 

from the BTES (blue), 2016 to 2020 (Meisler, 2020). 

• The BTES is in good thermal energy balance, i.e. the average brine temperature in the boreholes 
is stable over more than three years. Consequently, the supplied heat from the thermal charging 
sources and the surrounding bedrock equals the annual heat extraction by the GSHP system. 

• The min. and max. brine temperature in the measurement period is about 0 °C and 14 °C, 
respectively. The min. average brine temperature should as a general rule never fall below approx.  
-3 °C, and the max. average brine temperature with HXi-24 (24 % ethanol, -10 °C) should not 
exceed approx. 25 °C. With HXi-35 (35 % ethanol, -17 °C) the max. temperature is approx. 20 °C.  
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3.3 Heat Pump Performance 
The GSHP plant comprises three identical, standard R410A heat pump units (Carrier AquaSnap 
61WG-090-0331-PE), each equipped with two scroll-compressors with on/off control (intermittent 
operation). The max. heating capacity at 3/55 °C is 252 kW. The heat pump units have Energy Label 
B according to the Eco-Design Directive (ErP). 

Figure 3.7 shows the measured heat supply from the heat pump plant and the electric boiler in 2019. 

 

 

 

 

 

 

 

 

 

 

Figure 3.7 Measured monthly heat supply from the heat pump and electric boiler, 2019 (Meisler, 2020). 

• The total heat supply to the heating system in 2019 was about 1070 MWh, and the energy 
coverage factor for the heat pump plant was about 98 %. The electric boiler is supposed to be a 
back-up unit only, but due to repeated compressor failures it was used as peak load. 

o The constant set-point temperature in the small-scall district heating system is 52 °C in 
order to preheat DHW to about 50 °C. The continuous high supply temperature has 
obviously led to too high thermal/mechanical stress for the compressors and consequent 
compressor failure for all 6 units. The discharge gas temperature for R410A is quite high, 
about 100 °C at 3/52 °C. Since the hermetic compressors have suction gas cooling the 
resulting discharge gas temperature is in the order of 10 to 15 °C higher. 

o A much better solution would have been to use heat pump units with propane (R290) as 
refrigerant due to the low discharge gas temperature, and reciprocating (piston) com-
pressors with variable speed drive (VSD) or cylinder unloading. At 3/52 °C the discharge 
gas temperature for a propane heat pump is about 80 °C when assuming the same isen-
tropic compressor efficiency, i.e. about 20 °C lower than that of the R410A units. Moreover, 
reciprocating compressors are also more robust and have a longer service life than scroll-
compressors. 

Figure 3.8 shows, as an example, the outlet water temperature from the condenser and the corres-
ponding temperatures on the evaporator side for one of the R410A heat pump units in 2019. In Sep-
tember both compressors broke down, and the available heating capacity for the GSHP plant was 
reduced by 1/3. 
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Figure 3.8 Measured temperatures on the condenser and evaporator side for one of the R410A heat pump 
units. Compressor break down in September 2019 (Meisler, 2020). 

Figure 3.9 shows the measured monthly performance factors for the heat pump plant for the period 
September 2018 to October 2019 – heating only and heating + cooling, excl. and incl. the pumps in 
BTES and the distribution system – M-PFH1, M-PFH4, M-PFHC1 and M-PFHC4. 

 

 

 

 

 

 

 

 

 

 
Figure 3.9 Measured monthly performance factors in 2018 for the heat pump plant – heating only and heating  

+ cooling, excl. and incl. pump energy – M-PFH1, M-PFH4, M-PFHC1 and M-PFHC4.  

• The measured seasonal performance factors for "heating only", excl. and incl. pump power/energy 
are S-PFH1 = 3.2 and S-PFH1 = 2.8. This corresponds to a Carnot efficiency of hC = 40-45 %, 
which is quite moderate. A high-quality heat pump plant achieves a Carnot COP above 50 to 55 
%. By alternatively installing heat pump units with Energy Label A++ or better (ErP) and using 
propane (R290) as refrigerant, the performance factors would be improved and compressor 
failures would most likely have been avoided. 

• The measured seasonal performance factors for "heating and cooling", excl. and incl. pump 
power/energy, are S-PFHC1 = 3.8 and S-PFHC1 = 3.4, respectively. This is quite low since the 
entire cooling demand is covered by free cooling from the BTES.  
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4. LESSONS LEARNT 

In order to attain a successful ground-source heat pump plant with high annual energy saving, minimum 
operational problems and long lifetime, it's crucial to have a total perspective and optimize the ground-
source installation (BTES) together with the GSHP plant and the heating and cooling systems. 

• There is a very small deviation between the measured annual DHW heating demand for the blocks 
og flats and kindergarten and the design value 

o Recommendation – If possible, data from field measurements should be used when designing 
system for heating of domestic hot water (DHW), e.g. data from Varmtvann2030 (Norway) 

• Thermal charging of the BTES from different sources has proven to be very successful, and the 
BTES is in excellent annual thermal energy balance. 

o Recommendation – Thermal charging of the BTES with ventilation air as for the Moholt 50|50 
project starting at 12 °C ambient air temperature (7 °C if possible) has proven to be a cost-
efficient method which also provides cooling of the ventilation air whenever needed. Thermal 
charging of the BTES by using a wastewater heat exchanger is also a cost-efficient method 
as long as wastewater (grey/black water) is available in sufficient quantities. 

o Thermal charging of the BTES with solar collectors has proven to be a high-cost solution 
which gives a very low €/kWh ratio – not recommended 

• The R410A heat pump units have Energy Label B according to the Eco-Design Directive (ErP). 

o Recommendation – The heat pump units should minimum have Energy Label A++ according 
to ErP or minimum A according to the Eurovent classification. This will give the highest 
possible performance factor for the system and max. supply of renewable heat. 

• The heat pump units, that supply heat at a constant temperature (52 °C), use scroll-compressors 
with R410A refrigerant. All six compressors have broken down, probably due to excessive thermal 
and mechanical stress, and had to be replaced. This demonstrates that these scroll-compressors 
are not designed for this kind of application. 

o Recommendation – The heat pump units should have been charged with the natural refrige-
rant propane (R290) with negligible GWP value and very low discharge gas temperature, and 
be equipped with reciprocating (piston) compressors with variable speed drive (VSD) or 
cylinder unloading since they are more robust and have longer service life than scroll-
compressors. 
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APPENDIX A 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Figure A1 – KIWI Dalgård – Principle sketch of the thermal energy system with GSHP and heat distribution system 
(Aaberg, 2018). The different boundaries are marked with numbers and dotted lines according to the IEA HPT 
Annex 52 boundary scheme, i.e. 0 (BTES incl. pump), 1 (heat pump units), 2 (BTES + heat pump units + pumps), 
3+ (2 incl. buffer tank/el. boiler), 4+ (3+ incl. pump) and 5+ (entire system). 
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Figure A2 – The SWECO Building – Principle sketch of the thermal energy system in with GSHP (heat pump and 
liquid chiller) connected to heating and cooling systems. Water is used as secondary fluid in the BTES (Aaberg, 
2019). The different boundaries are marked with numbers and dotted lines according to the IEA HPT Annex 52 
boundary scheme, i.e. 0 (BTES incl. pump), 1 (heat pump units), 2 (BTES + heat pump units + pumps), 3+ (2 incl. 
buffer tank/el. boiler), 4+ (3+ incl. pump) and 5+ (entire system). 
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Figure A3 – Moholt 50|50 – Principle design of the GSHP heating and cooling system (Meisler, 2019/20). The 
different boundaries are marked with numbers and dotted lines according to the IEA HPT Annex 52 boundary 
scheme, i.e. 0 (BTES incl. pump), 1 (heat pump units), 2 (BTES + heat pump units + pumps), 3+ (2 incl. buffer 
tank/el. boiler), 4+ (3+ incl. pump) and 5+ (entire system).  
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APPENDIX B 
Figure A1 shows system boundaries for a ground-source heat pump according IEA HPT Annex 52. 

• Boundary levels – 0/0+, 1/1+, 2/2+, 3/3+, 4/4+ and 5/5+ 

• Performance factors – PFH (Heating), PFC (Cooling) and PFHC (Heating & Cooling) – Daily 
(D), Monthly (M) and Seasonal (S) 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 
 

Figure B1 System boundaries and measurements for a ground-source heat pump system according to IEA HPT 
Annex 52. PFH = performance factor, heating only, PFC = performance factor, cooling only,             
PFHC = performance factor, heating and cooling. The different performance factors are related to 
different boundaries, cf. the "Proposed boundary scheme", and D – Daily, M – Monthly, S – Seasonal. 


