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Abstract 
GSHP systems are common in Sweden but there are few evaluations quantifying the performance of 

the systems and highlighting problem that occurs during operations. The research project Annex 52 

Long-term performance measurement of GSHP systems serving commercial, institutional and multi-

family building part of IEA HPT TCP proves the need to systematically be able to evaluate GSHP 

systems. This thesis aims to expand the knowledge of how to evaluate GSHP systems and provide case 

studies for Annex 52.  

Three residential ground source heating systems used for heating has been evaluated and analyzed in 

this study. The evaluation has consisted of three parts. The first part analyzes the operation and 

stability of the GSHP systems. The second part consist of a detailed study of the performance of the 

GSHP systems. The seasonal performance factor has been calculated for different system boundaries 

based on the work done by SEPEMO. In addition, a method on how to evaluate the efficiency of the 

heat pumps based on the two temperature levels, source side temperature and the heat sink 

temperature, that the heat pump is operating at throughout a year has been developed within this 

thesis. This has included a method on how to normalize the temperatures based on the operation of 

the heat pump in order to quantify one temperature for each the two temperature levels. The third 

part consist of a comparison of the mean secondary fluid temperature between the calculated 

temperature using the software EED and the measured temperatures.  This includes a comparison 

evaluation and sensitivity analysis on input parameters during the design of the borehole heat 

exchanger fields.   

This study has expanded the available reference cases of GSHP systems in Sweden. It also can be used 

as a guideline for those who will evaluate future GSHP systems. Designers of GSHP system will also 

benefit from the recommendations listed in this thesis regarding instrumentation and possible 

problems that may occur. The results show that the evaluation successfully managed to quantify the 

performance and operational issues that have occurred for each system. The method developed in this 

study was able to quantify the operation of the different systems based on the temperature levels and 

can be used for future GSHP evaluations of similar system type.   

Keywords: Ground source heat pump system, GSHP system, vertical borehole, ground heat exchanger, 

BHE, EED, evaluation, COP, SPF, Ideal temperature dependent SPF, temperature dependent SPF 

efficiency, SEPEMO, Sweden 
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Sammanfattning 

Bergvärmesystem är vanligt förekommande i Sverige men trots detta finns det få studier där 

prestandan har utvärderats och de vanligt förekommande problemen under drift har belysts. 

Forskningsprojektet Annex 52 Annex 52 Long-term performance measurement of GSHP systems 

serving commercial, institutional and multi-family building som är en del av IEA HPT TCP visar på 

behovet av att systematisk utvärdera bergvärmesystem. Detta examensarbete syftar till att utveckla 

och bidra till kunskap om hur bergvärmesystem kan utvärderas och att bidra med exempelstudier till 

Annex 52.  

Inom detta examensarbete har tre bergvärmesystem som betjänar flerbostadshus utvärderats och 

analyserats.  Utvärderingen bestod av tre analyser. I den första analyserades driften av 

bergvärmesystemen och hur stabilt systemet har varit historiskt. Detta följdes av en detaljerad analys 

av olika nyckeltal för bergvärmesystemen. Årsverkningsgraden har beräknats för olika gränsdragningar 

vilka baseras på det tidigare arbetet utfört av SEPEMO. Inom detta examensarbete har även en metod 

tagits fram för att utvärdera verkningsgraderna för en värmepump baserat på de två 

temperaturnivåerna, köldbärarsidan och värmebärarsidan, som värmepumpen arbetar med under ett 

år. Till detta har en metod tagits fram om hur temperaturen kan normaliserats baserat på driften av 

värmepumparna för att kvantifiera en temperatur vardera för de två temperaturnivåerna. I den tredje 

utvärderingen jämfördes den beräknade medelfluidtemperaturen av köldbäraren i borrhålen med den 

uppmätta temperaturen. Till detta utfördes en känslighetsanalys av hur indata av dessa beräkningar 

påverkar resultaten.  

Nyckelord: Bergvärmesystem, borrhål, kollektor, EED, utvärdering, COP, SPF, ideal 

temperaturberoende SPF, temperaturberoende SPF-verkningsgrad, SEPEMO, Sverige.  
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Nomenclature 

 
Nomenclature 

 
Unit 

∆𝝑 Temperature difference over energy meter [K] 

∆𝝑𝒎𝒊𝒏 Minimum temperature difference [K] 

𝑷𝒓 Pressure ratio [-] 

A Area [m2] 

AM Degree days of actual month [°C·days] 

BOA Habitable living area in a residence. Exterior wall and duct shafts are 
excluded. [m2] 

C Correction factor  

COP Coefficient of Performance [-] 

𝑪𝑶𝑷𝟏𝑪𝒂𝒓𝒏𝒐𝒕 Carnot COP for heating [-] 

𝑪𝒑 Specific heat [KJ/kgK] 

𝑪𝒑,𝒘𝒂𝒕𝒆𝒓 Specific heat capacity of water [KJ/kgK)] 

𝑪𝒑,𝒔𝒇 Specific heat of secondary fluid [KJ/kgK] 

𝑫𝑯𝑾 Domestic hot water  

∆𝑻 Temperature difference [K] 

𝒆 Relative error [%] 

𝑬𝒂𝒏𝒏𝒖𝒂𝒍 Measured annual electricity consumption [kWh] 

𝑬𝒃𝒖 Energy consumption backup heater [kWh] 

𝒆𝒆𝒍𝒆𝒄𝒕𝒓𝒊𝒄𝒊𝒕𝒚 Relative error for electricity meter [%] 

𝑬𝒉𝒑 Input electric energy to heat pump [kWh] 

𝑬𝑪𝑺 Energy consumption heating source side equipment such as 
Circulating pumps.  [kWh] 

𝜺𝑺𝑷𝑭 Carnot efficiency (SPF) [-] * 

𝑬𝒙
𝒚 Measured compressor energy at time x for heat pump y [°C] 

𝑬𝒄 Electric energy consumption compressor [kWh] 

𝒆𝑪 Computational error [%] 

𝜺𝑪𝑶𝑷 Carnot efficiency [-] 

𝒆𝒇 Flow rate error [%] 

𝑬𝒆𝒏𝒅 Accumulated measured electricity at the end of the period [kWh] 

𝑬𝑹𝑻 Equivalent run time [h] 

ES Energy signature [kwh/h] 

𝑬𝟎 Accumulated measured electricity at the beginning of the period 
[kWh] 

𝒆𝒕 Temperature error [%] 

H Convective heat transfer [W/(m2K)] 

𝒉𝟏 Compressor outlet enthalpy [KJ/kg] 

𝒉𝟐𝒄 Enthalpy at compressor inlet [KJ/kg] 

𝒉𝒔 Enthalpy after expansion valve [KJ/kg] 

k Thermal conductivity [W/(mK)] 

L Thickness of heat exchanging material [m] 

LOA Area for other purposes than residence such as commerce, office 
work etc. [m2] 

�̇�𝒓 Refrigerant mass flow rate [kg/s] 
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𝜼𝑺𝑷𝑭𝑻,𝑯𝟏 Temperature dependent SPF efficiency, boundary H1 [-] 

𝜼𝑺𝑷𝑭𝑻,𝑯𝟐 Temperature dependent SPF efficiency, boundary H2 [-] 

NRM Degree days normal reference month [°C·days] 

𝑵𝑻𝒙
𝒚 Normalized temperature at time x for heat pump y [°C] 

𝝆 Density [kg/m3] 

𝝆𝒔𝒆𝒄𝒐𝒏𝒅𝒂𝒓𝒚 𝒇𝒍𝒖𝒊𝒅 Density of secondary fluid [kg/m3] 

𝝆𝒓 Density of refrigerant [kg/m3] 

𝝆𝒘𝒂𝒕𝒆𝒓 Density of water [kg/m3] 

𝑷𝟏 Condensing pressure [KPa] 

𝑷𝟐 Evaporation pressure [KPa] 

�̇� Heat transfer [kW]  

𝒒 Specific heat extraction [W/m] 

𝑸𝒂𝒏𝒏𝒖𝒂𝒍 Measured annual thermal energy [kWh] 

𝑸𝒆𝒏𝒅 Accumulated measured energy at the end of the period [kWh] 

𝑸𝒔𝒕𝒂𝒓𝒕 Accumulated measured energy at the beginning of the period [kWh] 

𝑸�̇� Condenser heat transfer [kW] 

𝑸�̇� Heat transferred in evaporator [kW] 

𝑸𝑩𝑼 Delivered backup heater energy [kWh] 

𝑸𝑫𝑯𝑾 Delivered Domestic how water energy [kwh] 

𝑸𝑯 Delivered heat by heat pump [kWh] 

𝑸𝒊 Measured thermal energy for time interval [kWh] 

𝒒𝒑 Nominal flow rate (energy meter) [m3/s] 

𝑸𝑺𝑯 Delivered Space heating energy [kWh] 

𝐑 Thermal resistance [K/W] 

𝑹𝒃𝒓𝒊𝒏𝒆 Specific Thermal resistance of secondary fluid [K/W] 

𝑹𝒄𝒐𝒍𝒍𝒆𝒄𝒕𝒐𝒓 Specific thermal resistance of collector pipe [K/W] 

𝑹𝒇𝒊𝒍𝒍𝒊𝒏𝒈 Specific thermal resistance of filling material [K/W] 

𝑹𝒃 Borehole thermal resistance [K/W] 

𝑹𝒈𝒓𝒐𝒖𝒏𝒅 Ground thermal resistance [K/W] 

𝑹𝒃 Specific Borehole heat exchanger thermal resistance [km/W] 

S Number of days with snow during a year [°C] 

SCOP Seasonal coefficient of performance [-] 

SEU Specific energy usage [kWh/m2] 

SH Space heating demand [kWh] 

SPF Seasonal Performance factor [-] 

𝑺𝑷𝑭𝑻 Ideal temperature dependent SPF [-] 

𝑺𝑷𝑭𝑯𝟏−𝑯𝟒 Seasonal performance factor for heating- SEPEMO boundary 1-4 [-] 

𝑻𝒂𝒊𝒓 Mean outdoor air temperature [°C] 

𝑻𝑩𝑯𝑾 Ground temperature at borehole wall [°C] 

𝑻𝒔𝒆𝒄𝒐𝒏𝒅𝒂𝒓𝒚 𝒇𝒍𝒖𝒊𝒅 Mean secondary fluid temperature [°C] 

𝑻𝒃𝒓𝒊𝒏𝒆,𝒐𝒖𝒕𝒍𝒆𝒕,𝒏𝒐𝒓𝒎𝒂𝒍𝒊𝒛𝒆𝒅
̅̅ ̅̅ ̅̅ ̅̅ ̅̅ ̅̅ ̅̅ ̅̅ ̅̅ ̅̅ ̅̅ ̅̅ ̅̅ ̅̅  Average Outlet secondary fluid normalized temperature [°C] 

𝑻𝒔𝒆𝒄𝒐𝒏𝒅𝒂𝒓𝒚 𝒇𝒍𝒖𝒊𝒅,𝒊𝒏𝒍𝒆𝒕 Temperature of secondary fluid entering the heat pump [°C] 

𝑻𝒔𝒆𝒄𝒐𝒏𝒅𝒂𝒓𝒚 𝒇𝒍𝒖𝒊𝒅,𝒐𝒖𝒕𝒍𝒆𝒕 Temperature of secondary fluid exiting the heat pump [°C] 

𝒕𝒈𝒓𝒐𝒖𝒏𝒅 Undistributed ground temperature [C°] 

𝑻𝒘𝒂𝒕𝒆𝒓,𝒔𝒖𝒑𝒑𝒍𝒚, 𝒏𝒐𝒓𝒎𝒂𝒍𝒊𝒛𝒆𝒅
̅̅ ̅̅ ̅̅ ̅̅ ̅̅ ̅̅ ̅̅ ̅̅ ̅̅ ̅̅ ̅̅ ̅̅ ̅̅ ̅̅ ̅̅  Average Heating water normalized temperature [°C] 

𝒕𝒘𝒂𝒕𝒆𝒓,𝒔𝒖𝒑𝒑𝒍𝒚 Heating water supply temperature [°C] 



 

 
12 

 

𝒕𝒘𝒂𝒕𝒆𝒓,𝒓𝒆𝒕𝒖𝒓𝒏 Heating water return temperature [°C] 

𝑻𝟏 Condensation temperature [K] 

𝑻𝟏
̅̅̅̅  Annual average condensing temperature [K] 

𝑻𝟐 Evaporation temperature [K] 

𝑻𝟐
̅̅̅̅  Annual average evaporation temperature [K] 

𝑻𝑪𝑬 Total compressor energy [kWh] 

𝒕𝒓𝒆𝒕𝒖𝒓𝒏 Return temperature of fluid [°C] 

𝒕𝒔𝒖𝒑𝒑𝒍𝒚 Supply temperature of fluid [°C] 

𝒕𝒘 Temperature of water [°C] 

𝑻𝒙
𝒚 Measured temperature at time x for heat pump y [°C] 

𝒖 Standard uncertainty  

𝒖(𝑬𝒙) Uncertainty for energy consumption  

𝒖(𝑸𝒙) Uncertainty for delivered heat  

𝒖(𝑺𝑷𝑭) Uncertainty for SPF  

𝒖(𝑬𝒂𝒏𝒏𝒖𝒂𝒍) Annual uncertainty for electricity meter [kWh] 

𝒖(𝑸) Annual uncertainty of thermal energy meter [kWh] 

𝒖(𝑸𝒊) Uncertainty of thermal energy meter at time interval i [kWh] 

�̇� Volumetric flow rate [m3/s] 

�̇�𝒘𝒂𝒕𝒆𝒓 Volumetric flow rate, heating water [m3/s] 

�̇�𝒔𝒆𝒄𝒐𝒏𝒅𝒂𝒓𝒚 𝒇𝒍𝒖𝒊𝒅 Volumetric flow rate, secondary fluid [m3/s] 

*Note the difference between 𝜀𝑆𝑃𝐹 and the suggested 𝜂𝑆𝑃𝐹𝑇  in 4.3.3.   
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1. Introduction  

1.1 PURPOSE/PROBLEM STATEMENT 
There is a need for case studies on GSHP systems in order to gain knowledge of how GSHP systems are 

performing and how they are instrumented. Only a few studies have evaluated the performance of 

GSHP systems in Sweden. One of these studies is” Kartering och sammanställning av större 

geoenergisystem i Sverige – En studie baserad på SGUs brunnsarkiv” by Kristina Juhlin. Another is 

“Systematisk sammanställning av större geoenergianläggningar i Sverige” by Emma Thursesson who 

collected information and calculated key performance indicators for 18 GSHP systems.  

What can be said of these studies is that the level of detail differs and there is no coherent definition 

of the boundaries when the seasonal performance factor has been calculated. There is a need for more 

standardized evaluations of GSHP systems to expand the knowledge of how GSHP systems perform in 

the field. This is why the project Annex 52 was initiated by IEA Technology Collaboration Programme 

on Heat Pumping Technologies (HPT TCP). The aim of Annex 52 is to “Survey and create a library of 

quality long-term measurements of GSHP system performance for commercial, institutional and multi-

family buildings.”. Annex 52 consists of three parts (IEA Heat Pumping Technologies, 2017):  

• Task 1. Long-term measurement case studies – new and previous 

• Task 2. Guide for instrumentation and measurement of GSHP systems 

• Task 3. Guide for analysis and reporting of GSHP system performance data 

Experiences from case studies are vital for the tasks of Annex 52. The Swedish geothermal energy 

organization Svenskt Geoenergicentrum AB has also published a test version 1 of guidelines on how to 

instrument and analyze GSHP systems (Svenskt Geoenergicentrum AB, 2018). Interest of feedback 

from users in order to improve the guidelines has been expressed.  

Another important area regarding the performance of GSHP systems is how the borehole heat 

exchanger field was designed for a particular system. Several questions arise. What estimated heat 

extraction load was used as the design parameters when designing the borehole field? How much was 

the actual heat extraction load? How has the difference affected the ground temperature? What is the 

measured secondary fluid temperature?  

Three GSHP systems owned and operated by AB Stockholmshem in Stockholm, Sweden have been 

instrumented but no evaluation and quantification of the performance has been done until now. These 

three systems has therefore been evaluated and analyzed in this study.  
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1.2 IMPACT 
Evaluating GSHP systems will have several benefits for the industry and the academia. Firstly, it will 

provide the building owner AB Stockholmshem with key performance indicators of each system 

enabling them to compare the systems with each other. Also, based on this report, AB Stockholmshem 

can continue using the method described in this study to continually quantify the performance of their 

GSHP systems. 

Also, this study will provide important feedback to one of the designers of one GSHP system, Incoord 

InstallationsCoordinator AB. The study will show the difference between estimations and the actual 

heat extraction load from the boreholes which will provide useful knowledge for the design and 

dimensioning of future GSHP systems.  

In addition, this study will provide new case studies to Task 1 of Annex 52. The study will provide 

examples of how specific GSHP systems are instrumented and how they perform. It will provide 

examples of adapted key performance indicators that were used for evaluation and what the KPIs were 

able to tell about each system.  The case specific knowledge that will be gained by this study can thus 

even be useful knowledge for the Task 3 of Annex 52 and to Svenskt Geoenergicentrum AB.  Finally, 

this study can also highlight areas which might be of interest for the academia to do further research 

on.  

1.3 AIM 
1) Identification and characterization of three existing GSHP systems enabling measurement 

and quantification of system performance.  

2) Calculate the SPF according to SEPEMO project guidelines at three different GSHP sites.  

3) Recommend and calculate other KPIs that represent the performance of the three GSHP 

systems.  

4) Showcase examples of instrumentation, problems during operation and differences between 

designed and measured performance in three GSHP systems.  

1.4 SYSTEM BOUNDARIES AND CONSTRAINTS 
• System boundaries will be determined for each measurement site.  

• The boundaries proposed by SEPEMO will be used when calculating the SPF. The chosen level 

will depend on the details provided for estimates.  

• It cannot be proven that the results of this work are representative for all the GSHP in 

Stockholm. However, they give insights that can be valuable for the design and operation of 

future systems.  

• The guidelines by Svenskt Geoenergicentrum AB will be partly used as a way of testing the use 

of the different KPIs that are proposed. The evaluation will not be done strictly according the 

guidelines since there is limited information to perform a complete evaluation based on those. 

The focus is on the KPIs when evaluating the systems and to propose improvements.  

• A detailed analysis of the building envelope and the thermal losses will not be performed. An 

estimation of the amount of hot water circulation (HWC) losses will not be calculated.  

• The heat generated in the fluid due to the pump and friction is not considered.  

• The quality, quantity, and the availability of measurement data determines the level of detail 

of the analysis that can be performed for each GSHP system. All the KPIs may therefore not be 

compared between the different GSHP systems evaluated in this study.  

• Only subcritical heat pumps will be evaluated.   
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2 Literature review 

The study Kartering och sammanställning av större geoenergisystem i Sverige – En studie baserad på 

SGUs brunnsarkiv, outlines the number of boreholes and the depth in Sweden based on public data 

and interviews with drilling companies (Juhlin, 2019). This study outlined a large number of systems 

but no performance evaluation has been performed.  

The study Ekonomisk och driftserfarenhetsmässig utvärdering av bergvärmepumpar did calculate the 

annual seasonal performance factor for 14 GSHP systems (Levin, 2008). The SPF includes electricity for 

compressor, circulation pumps on the source side, accumulator tanks and hot gas heat exchangers. No 

alternative SPF was calculated. Electricity for circulation pumps on the load side and backup heaters 

are not included. The study stated  that the instrumentation of GSHP system sometimes have low 

quality, for example was one metering device installed in the wrong direction, making readings 

impossible since it was facing the  wall, it was corrected a year after installation. The study called for 

further detailed analysis during a 12-month period of a few systems. The analysis would then separate 

the heating and DHW, include the efficiency of the backup heaters and the electricity for auxiliary 

devices. The goal was to expand the knowledge about performance and operation of the GSHP 

systems.  

Another study is Systematisk sammanställning av större geoenergianläggningar i Sverige (Thuresson, 

2019). In this study, the performance of 14 GSHP systems were gathered from the different facilities. 

Since the calculations were done by the owners of the systems, it is unknown how it was calculated. 

The seasonal performance factor was not calculated.  

In the study Geoenergi på IKEA Svågertorp Visualisering och uppföljning av geoenergi på IKEA i Malmö 

mellan 2009-2011 (Horn, 2019) one GSHP system was thoroughly investigated. Different SPF were 

calculated for different system boundaries.  

A recent study performed by (Gehlin, et al., 2018) made a thorough evaluation of a GSHP system 

(Studenthuset) in Stockholm, Sweden using data that had been measured and collected for a year. The 

building finished construction in fall 2013 and was designed to be highly energy efficient. The study 

quantified the performance of the system by Seasonal Performance Factor (SPF) according to the EU 

project SEPEMO which was created for single family GSHP systems. According to SEPEMO, the SPF can 

be divided into several boundaries depending on how many energy consuming subsystems should be 

included.  

In the study, the energy demand for the compressors, circulating pumps and Legionella protection 

system (LPS) were evaluated in comparison to the provided heat to calculate the performance. The 

study concluded several problematic areas when evaluating the SPF according to SEPEMO for large 

GSHP systems. One of these were how the heat produced from the legionella protection system were 

to be allocated. When it is in operation, it will result in extra heat losses from the heating pipes which 

will provide useful heat when there is a need for heating in the building. However, it will also increase 

the amount of cooling needed during the cooling periods. This was referred to parasitic losses in the 

study.  

Another problem was as stated “A complicating problem in determining the performance factors of 

the system is that there is no standard way to allocate electrical energy usage to cooling and heating 

respectively, when the system is doing both simultaneously. “ The report stated that “The SEPEMO 

project guidelines work well for smaller residential GSHP systems, but do not fully address all of the 
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futures that may be found in GSHP systems having larger and more complex GSHP systems, such as 

commercial, institutional and multi-family buildings.” 

In addition, the study showed that the measured Coefficient of Performance was more affected by the 

amount of heating and cooling than by the entering fluid temperature. This was found to be due to the 

fact that the fraction of parasitic energy consumption decreased when the heating/cooling load 

increased. The study also indicated that extra instrumentation would be beneficial for the evaluation. 

Examples are separate electricity measurements for the compressors, circulation pumps on the source 

side and for the LPS (Gehlin, et al., 2018).  

The previous performed research shows that there has been a number of evaluations and comparison 

of large GSHP systems. However, no common KPIs have been used, making it difficult to compare the 

systems. As a response, the Swedish organization working with geothermal energy, Svenskt 

Geoenergicentrum AB, has published a test version of a recommended guidelines for the evaluation 

for GSHP systems.  The guideline evaluate the SPF of the systems according to SEPEMO which allows 

for a standardized way to evaluated different GSHP systems and opens up the possibility for building 

a database with performance data for a large amount of GSHP systems.  

The first part concerns the building and the ground source heat pump system that it is connected to. 

The design values that has been used should also be presented which allows for the comparison 

between the estimated performances to the measured performance. The second part lists the 

instrumentation points that are necessary to perform a complete evaluation of the GSHP system. The 

third part outlines how the performance should be presented and which KPIs to utilize. The guidelines 

and the excel sheet are available in their entirety (in Swedish) at 

http://geoenergicentrum.se/publikationer-2/riktlinjer-och-rad/.  

  

http://geoenergicentrum.se/publikationer-2/riktlinjer-och-rad/
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3 Ground source heat pump system  

A GSHP system can be divided into three subsystems. The function of the system is to provide heat to 

the building which is the first subsystem. The demand that the system must provide is dependent on 

the building. In order to provide heat, a GSHP system usually uses a heat pump based on the vapor 

compression cycle. This is referred to the second subsystem. For the heat pump to provide heat, it is 

dependent on the ground from which it extracts the heat. The ground will thus be regarded as the 

third subsystem.  

3.1 BUILDING 
One of the purposes of a building is to provide good thermal comfort for its occupants which 

determines the requirements of the GSHP system. The required power for space heating of the 

building is dependent on the thermal energy losses of building. The heat can be lost through the 

building envelope, ventilation and distribution losses in the heating system for example. The outdoor 

air temperature affects the heating demand. The lowest recorded daily mean temperature in 

Stockholm was -23,9 °C and the maximum was 28,3 °C between 1756 and 2017. (SMHI, 2017).  

Excessive heating can also be the result of improper control of the heating system which can be 

regarded as a loss. The internal gains of thermal energy due to occupants and thermal energy released 

from equipment and processes all affect the demand for heating.  

The heating demand of building is often normalized by the area of the building. In Sweden, the area is 

classified into several subareas depending on type of area and temperature. Tempered area is the area 

within a building that is heated above 10°C (Boverket, 2018). The Living area (BOA) is the area which 

includes the area within a dwelling.  The area used facilities (LOA) includes glazed balconies, garages 

etc. (SIS S. S., 2009).    

A common way to distribute heat in Sweden is by using centralized water-based systems using 

radiators. Buildings built in the middle of the 20th century heated the buildings by using high 

temperatures in the radiators. The radiators were dimensioned accordingly which means relatively 

small heat transfer area compared to buildings built in the 21st century. Today, the temperature in the 

radiators are lower at a certain heating demand why the heat transfer area of the radiators is larger. 

When the outdoor temperature changes, the heating losses will also change. The capacity of the 

radiator system must therefore be controlled. By changing the supply temperature to the radiators 

according to the outdoor temperature, the capacity can be controlled.  

The heating power provided by heat transfer from the radiators can be calculated according to  

�̇� = �̇�𝜌𝐶𝑝(𝑡𝑠𝑢𝑝𝑝𝑙𝑦 − 𝑡𝑟𝑒𝑡𝑢𝑟𝑛) 1 

  

�̇� is the volumetric flow rate, 𝜌 is the density of water, 𝐶𝑝 is the specific heat of water, 𝑡𝑠𝑢𝑝𝑝𝑙𝑦 is the 

water supplied to heat and 𝑡𝑟𝑒𝑡𝑢𝑟𝑛 is the return temperature of the water.  
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The density and the specific heat of water is temperature dependent.  

In 1975, Kell formulated a density equation for air-free water at pressure 101,325 kPa in the 

temperature range of 0°C to 150 °C (Kell, 1975). 

𝜌 =
999,83952 + 16,945176𝑡 − 7,9870401 × 10−3𝑡2 − 46,170461 × 10−6𝑡3 + 105,56302 × 10−9𝑡4 − 280,54253 × 10−12𝑡5

1 + 19,67348 × 10−3𝑡
     2 

Likewise, a correlation formulated between specific heat capacity of water and the temperature used 

in this report.  

The Shomate equation, using the properties of water gives an equation for the heat capacity. The molar 

mass of water is 18, 0153 g/mol. (National Institute of Standards and Technology, 2019).  

𝐶𝑝 = −203,606 + 1523,290𝑡𝑤 − 3196,413𝑡𝑤
2 + 2474,455𝑡𝑤

3 +
3,855326

𝑡𝑤
2  3 

  

Cp= Specific heat capacity [J/(molK)], tw=temperature of water/1000 [K] 

Both these equations may have been succeeded to more accurate equations which will affect the 

results of the calculations of the thermal properties of water in this study to a certain degree.    

The heating system can be designed to be able to provide sufficient amount of heat during the coldest 

day which is based on the lowest outdoor temperature that has been recorded at a location. Another, 

slightly different method is to use the design winter outdoor temperature (DWOT) which is the lowest 

mean temperature occurring during the year. Depending on the thermal response of the building, the 

DWOT is adjusted.  

 

 

 

Figure 1. Pump curve. 
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The heating water and domestic heat water in the building are transported by pumps. The centrifugal 

pump used for HVAC purpose is to create a certain pressure at a certain flow rate. This is called the 

head pressure curve and is specific for each type of pump. The purpose of the pump is to overcome 

the pressure loss that occurs in the heating systems due to friction and elevation. How the required 

pressure changes with changing velocity is called the system curve. The operating point of the heat 

pump is the intersection of the system curve and the head pressure curve of the installed pump, Figure 

1, (Rishel, 2006). 

If pumps are connected in parallel, the behavior will not change linearly. If we have one pump, 

providing the flow of Q1, adding another identical pump in parallel will in theory double the flowrate 

while maintaining the same pressure head. This means that the velocity doubles as well (for a 

constant area of the pipe). The friction loss and pressure loss will thus increase based on the system 

curve. In order to overcome the pressure losses, the pumps must therefore increase the pressure 

above P1 while following the system curve. As can be seen in, Figure 2, this results in a lower flow 

rate than Q2. Adding a third pump in parallel will cause the same effect.   

3.2 HEAT PUMP 
 

A heat pump transfers heat from a low temperature level to a high temperature level. The main 

components that the unit consists of is the evaporator, compressor, condenser and the expansion 

valve.  For GSHP systems, the secondary fluid extracts the heat from the ground.  

 

Figure 2. Pumps in parallel. The circles are theoretical operating points with no extra 
friction losses. The dots are the operating point taking the extra pressure loss due to 
increased velocity at higher flow rate into account.  
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The schematics of a heat pump with the mentioned components is depicted in Figure 3. The fifth 

component is the refrigerant whose purpose is to transport the heat from the source to the heat sink 

side by taking advantage of the phase change in the of the refrigerant in the cycle. The first step of the 

subcritical vapor compression cycle is that the heat is transferred from the low energy source, TSecondary 

fluid,inlet , to the refrigerant in the evaporator. In the following description of the cycle, the different 

stages that the refrigerant undergoes will be explained.   

Figure 4. Principle of an enthalpy-pressure diagram and the subcritical vapor compression cycle. Heat pump 
components are also depicted.   

 

Figure 3. Heat pump cycle 
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Firstly, the refrigerant enters the evaporator as a liquid or a mix of liquid and vapor, it is thus located 

inside what is referred to as the vapor dome in Figure 4. The refrigerant is heated by the secondary 

fluid which will evaporate the refrigerant and make in phase change to vapor form. The refrigerant will 

have higher enthalpy as it is being evaporated. The behavior of the refrigerant depends on if the 

refrigerant is pure or a mixture of refrigerants. For pure refrigerants, the temperature will remain 

constant during evaporation if the pressure is constant which is an idealization. For mixtures, the 

pressure and thus the temperature will change, it will have what is referred to as a glide. The 

temperature of the refrigerant is lower than the secondary fluid to enable heat transfer and is referred 

to as the evaporation temperature, denoted t2. The heat transferred in the evaporator for the 

secondary fluid is expressed as 

𝑄2̇ = �̇�𝑠𝑒𝑐𝑜𝑛𝑑𝑎𝑟𝑦 𝑓𝑙𝑢𝑖𝑑𝜌𝑠𝑒𝑐𝑜𝑛𝑑𝑎𝑟𝑦 𝑓𝑙𝑢𝑖𝑑𝐶𝑝,𝑠𝑒𝑐𝑜𝑛𝑑𝑎𝑟𝑦 𝑓𝑙𝑢𝑖𝑑(𝑡𝑠𝑒𝑐𝑜𝑛𝑑𝑎𝑟𝑦 𝑓𝑙𝑢𝑖𝑑,𝑖𝑛𝑙𝑒𝑡 − 𝑡𝑠𝑒𝑐𝑜𝑛𝑑𝑎𝑟𝑦 𝑓𝑙𝑢𝑖𝑑,𝑜𝑢𝑡𝑙𝑒𝑡)4 

 

For the refrigerant, the heat transferred equals  

𝑄2̇ = �̇�𝑟(ℎ2𝑐 − ℎ𝑠) 5  

The temperature decrease with decreasing pressure inside the vapor dome. 

 

The refrigerant is chosen to evaporate at temperatures in the range of the temperature of the low 

temperature source. When the refrigerant has evaporated, it enters the compressor. It is important 

that the refrigerant is completely in vapor state since any droplet of liquid can damage the compressor. 

It is thus superheated a few Kelvins above the evaporation temperature.  

In the compressor, the pressure of the refrigerant increases from 𝑝2  to 𝑝1  at which condensation 

occurs, 𝑝1 corresponds to the condensing temperature T1.  The ratio between the two pressure levels 

is referred to the pressure ratio. 

𝑃𝑟 =
𝑃1

𝑃2
 6

For a given refrigerant, at higher pressure the temperature is also higher.  During compression, the 

 Figure 5. Evaporator. 
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refrigerant follows the entropy line with a certain deviation due to the compressor efficiency. Since 

the derivative of the entropy line is reduced at higher pressures, Figure 4, the efficiency degrades with 

higher pressure ratios. The required power for the compressor is written as 

𝐸𝑐 = �̇�𝑟(ℎ1 − ℎ2𝑐) 7 

This means that the compressor power increases with pressure ratio. The discharge temperature from 

the compressor is the highest temperature of the refrigerant during the cycle. The discharge pressure 

increases with increasing amount of superheating in the evaporator. There are limitations regarding 

the discharge temperatures the system can withstand. Compressors being lubricated with oil are 

limited to the temperature that the oil can withstand. The refrigerant itself may also have limitations 

(Hundy, A.R, & Welch, 2016). These may cause damage to the compressor.  

 

In the condenser, the hot gas refrigerant from the compressor is first de-superheated to the 

condensing temperature, T1 ,which corresponds to the condensing pressure, p1. The refrigerant then 

condenses in the condenser and heats up the water in the heating system. Since the condensation 

occurs within the vapor dome, this cycle is a subcritical process. With certain refrigerants such as 

carbon dioxide the heat pump can be designed to work in a transcritical cycle.  

The transferred heat on the supply side can be expressed using Equation 1 as:  

𝑄1̇ = �̇�𝑤𝑎𝑡𝑒𝑟𝜌𝑤𝑎𝑡𝑒𝑟𝐶𝑝,𝑤𝑎𝑡𝑒𝑟(𝑡𝑤𝑎𝑡𝑒𝑟,𝑠𝑢𝑝𝑝𝑙𝑦 − 𝑡𝑤𝑎𝑡𝑒𝑟,𝑟𝑒𝑡𝑢𝑟𝑛) 8 

 

The transferred heat on the refrigerants side can be expressed as 

𝑄1̇ = �̇�𝑟(ℎ1 − ℎ𝑠) 9 

  

The compression ratio and the electric power depends on the required temperature and heating 

power in order to provide enough heating for the heating system, but it is limited by the capacity of 

the compressor and the other components of the specific heat pump. The condensing temperature is 

regulated to be a few Kelvin more, ΔTC, than the required temperature in the water heating system, 

Figure 6.  

Figure 6. Condenser 
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After the condenser, the refrigerant has lower temperature than the compressor outlet. Now, the 

liquid is expanded through an expansion valve which will lower the pressure to p2 which corresponds 

to the desired temperature to once again be able to absorb heat from the cold temperature source 

and run the cycle once again. In a refrigeration cycle, the refrigerant flows continuously in the cycle 

when the compressor is working.  

When observing the enthalpy-pressure diagram, Figure 4,  it should be noted that the specific 

volume, 𝜈, increases when the pressure decreases. This will reduce the mass flow in the entire cycle 

which will reduce the heating capacity, Q1. Furthermore, a lower pressure and thus a lower t2 increase 

the pressure ratio between p2 and p1. Thus, the compressor will use more electricity to compress the 

refrigerant which is not beneficial for the energy efficiency performance of the cycle. Since t2 cannot 

be higher than the secondary fluid temperature, the energy efficiency will benefit from having as a 

high secondary fluid temperature of the low temperature side as possible, for a constant high-pressure 

level p1. The heat pumps are designed for minimum evaporation temperature in which the heat pump 

can provide the heat. This must be taken into consideration when evaluating the available cold side 

heat source. Below this temperature, the heat pump will cut-out and cannot function (Rees, 2016) 

p.44.   

3.3 BOREHOLE HEAT EXCHANGER 
The function of the borehole heat exchanger (BHE) is to extract/inject the thermal energy from/to the 

ground by circulating the secondary fluid from the heat pump in the boreholes. In heating mode, the 

cold secondary fluid that exits the heat pump enters the borehole and returns to the heat pumps after 

being heated by the ground. For cooling, the secondary fluid is cooled in the boreholes. The BHE consist 

of a collector pipe that is positioned in the drilled borehole. The length of the borehole differs 

depending on the heating/cooling demand.  

The U-bend type collector is the most common type and is used in almost all GSHP installations. (Björk, 

et al., 2013). At locations with high groundwater levels (which is ideal due to the thermal properties of 

 

Figure 7. U-type borehole heat exchanger with temperatures and thermal resistances depicted. 
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water) the borehole will be filled with groundwater. The active depth of the borehole is the distance 

from the groundwater level to the bottom of the borehole. The schematics of a vertical borehole heat 

exchanger with a U-pipe is shown in Figure 7. The mean secondary fluid temperature is often used to 

simplify the calculations of thermal resistances inside the BHE.  

𝑇𝑠𝑒𝑐𝑜𝑛𝑑𝑎𝑟𝑦 𝑓𝑙𝑢𝑖𝑑 =
𝑇𝑠𝑒𝑐𝑜𝑛𝑑𝑎𝑟𝑦 𝑓𝑙𝑢𝑖𝑑 ,𝑜𝑢𝑡𝑙𝑒𝑡+𝑇𝑠𝑒𝑐𝑜𝑛𝑑𝑎𝑟𝑦 𝑓𝑙𝑢𝑖𝑑 ,𝑖𝑛𝑙𝑒𝑡

2
 10 

 For buildings with a large heating demand, one borehole will not be sufficient. Several boreholes are 

then drilled forming a borehole field. The heat transfer to each borehole can then become affected by 

the neighboring boreholes. For such system solutions it is important to make a detailed study on the 

interaction between the boreholes and simulate the secondary fluid temperature to ensure that the 

temperature does not become too low after a certain period since the boreholes will affect each other.  

One of such software is Energy earth designer (EED) Copyright 2018, Blocon AB which takes into 

account the heat extraction, borehole configurations and thermal properties of the ground to calculate 

the mean secondary fluid temperature. 

3.3.1 Thermal resistance 

When the heat is transferred from the ground to the secondary fluid, there are several thermal 

resistances to overcome. The secondary fluid temperature will therefore never reach the undisturbed 

ground temperature, 𝑡𝑔𝑟𝑜𝑢𝑛𝑑. The total thermal resistance 𝑅𝑡 ,can be divided and expressed by two 

resistances, the borehole thermal resistance, Rb [K/W], and the ground thermal resistance, Rground 

[K/W]. 

𝑅𝑡 = 𝑅𝑏 + 𝑅𝑔𝑟𝑜𝑢𝑛𝑑  11 

 

The relation between the temperature difference and the resistance at a given heat transfer can be 

expressed as  

∆T =  Q̇R 12 

   

For the borehole heat exchanger with the resistance 𝑅𝑏 [K/W] and the thermal heat extraction 𝑄 [W], 

the secondary fluid temperature, 𝑡𝑠𝑒𝑐𝑜𝑛𝑑𝑎𝑟𝑦 [K] can be estimated as 

𝑇𝑠𝑒𝑐𝑜𝑛𝑑𝑎𝑟𝑦 𝑓𝑙𝑢𝑖𝑑  = 𝑇𝐵𝐻𝑊 −  𝑄𝑅𝑏 13 

  

As can be seen, the resistance in the boreholes determines the temperature of the secondary fluid. It 

should be noted though, that even though the resistance for the borehole is reduced, there will always 

be a resistance in the ground. The thermal resistance in the ground,𝑅𝑔𝑟𝑜𝑢𝑛𝑑, depends on the thermal 

conductivity of the rock, groundwater movements, borehole field geometry and it is also time 

dependent.  

The borehole resistance between the secondary fluid and the borehole wall, can be divided into three 

resistances. 

𝑅𝑏  =  𝑅𝑓𝑙𝑢𝑖𝑑 + 𝑅𝑐𝑜𝑙𝑙𝑒𝑐𝑡𝑜𝑟 + 𝑅𝑓𝑖𝑙𝑙𝑖𝑛𝑔 14 
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The first resistance, 𝑅𝑓𝑙𝑢𝑖𝑑 , determines the convective heat transfer from the secondary fluid to the 

inner collector wall.  

�̇� =  ℎ𝐴Δ𝑇 15 

 

h=convective heat transfer coefficient [W/(m2K)], A=area[m2]. Rewriting equation 15 using equation 

12, the thermal resistance can be expressed as  

𝑅𝑓𝑙𝑢𝑖𝑑 =  
1

ℎ𝐴
 16 

 

This resistance can depending on the flow regime conditions be approximately 10 % of 𝑅𝑏𝑜𝑟𝑒ℎ𝑜𝑙𝑒 

(Acuña, 2018).The convection heat transfer coefficient is dependent on the Reynolds number. If the 

Reynolds number is increased, the thermal resistance will decrease. The velocity should be high 

enough so that the flow is turbulent since it yields a higher heat transfer rate than laminar flow. Once 

in turbulent regime, the thermal resistance does not vary as much.  

 

The second resistance,𝑅𝑐𝑜𝑙𝑙𝑒𝑐𝑡𝑜𝑟, is in the collector pipe. The heat is transferred by conduction through 

the pipe which can be expressed as: 

�̇� =
𝑘

𝐿
𝐴∆𝑇 17 

  

The thermal resistance in the collector can from equation 12 and 17 be expressed as;  

𝑅𝑐𝑜𝑙𝑙𝑒𝑐𝑡𝑜𝑟 =
𝐿

𝑘𝐴
 18 

k=thermal conductivity[W/mK], L=thickness of heat exchanging material [m], A=heat transfer area 

[m2].   This resistance can depending on the type of heat exchanger account for up to 20 % of 𝑅𝑏 

(Acuña, 2018). This is dependent on the geometry of the collector and the material.  

Thirdly, there is a resistance in the filling,  𝑅𝑓𝑖𝑙𝑙𝑖𝑛𝑔, which is the most significant borehole resistance, 

approximately 70% of 𝑅𝑏 . This is dependent on the amount and the type of filling material. In Sweden, 

it consists mostly of groundwater (Acuña, 2018).  

The undistributed ground temperature Tground can be estimated by the mean outdoor air temperature 

with correction for the insulation effect of snow according to the following equation (Björk, et al., 2013) 

 

 

𝑇ground = 𝑇𝑎𝑖𝑟 +
𝑆

100
 19 
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𝑇𝑎𝑖𝑟 is the mean outdoor air temperature. S is the number of days with snow. The mean outdoor air 

temperature in Stockholm for the reference measurement period 1961-1990 was 6,6 ˚C. (Stockholm 

stad, 2019). All aspects above influence the performance of the BHE.  

3.3.2 Volumetric flow rate 

As earlier discussed, the flow rate affects the thermal resistance in the borehole. It also affects the 

temperature of the secondary fluid during operation. A low volumetric flow rate in the boreholes and 

also in the heat pumps, results in a lower temperature of the secondary fluid out from the heat pump 

in accordance with equation 4. The evaporation temperature must then be lowered and the COP of 

the heat pump will decrease.   

A higher volume flow rate seems to be beneficial. However, it also increases the pressure losses 

induced by the friction. The pressure loss due to friction increases quadratically with increasing velocity 

according to the Darcy–Weisbach equation.   

The extra energy consumption by the circulation pump must be taken into account. There are 

examples of when the circulation pump use 20% of the power of the compressor (Björk, et al., 2013). 

For the best COP, the pump should use up to a few percent of the heat extraction from the ground. 

This will result in a total pump energy that is 5-8% of the compressor energy. (Björk, et al., 2013) 

3.3.3 Freezing  

When the heat extraction from the ground is excessive, the temperature in the borehole will decrease 

to the point at which the groundwater freezes. However, when it freezes the resistance is lowered in 

the borehole. Ice has four times higher thermal conductivity than water. (Björk, et al., 2013) In 

addition, due to the release of latent heat release during freezing, the temperature drop is mitigated 

(Gustafsson & Westerlund, 2011).  

When the water freezes, the volume increases as well. As long as the ice can expand along the 

borehole, it will not have any serious effect. Problems can occur when the entire borehole is frozen, 

or inside the steel casing. When the ice has nowhere to expand, the pressure in the borehole will 

increase to the point at which the collector pipes can be compressed, risking to  reduce or stop the 

secondary fluid flow in the collectors (Ahlstrom, 2005). In order to prevent this problem, the borehole 

must be properly designed and one should not extract excessive heat from the ground.  

3.4 PERFORMANCE EVALUATION OF GSHP SYSTEM 
When comparing the heating and cooling demand between different years one must be aware of and 

correct for the fact that the outdoor temperature will be different which will affect the demand. By 

normal year correcting, the temperature every year is weighted depending on the difference between 

the temperate a certain month compared to a reference temperature that month. The DHW heating 

demand should not be corrected since it depends on the behavior of the occupants and is not directly 

dependent on the outdoor temperature. The space heating is directly correlated with the outdoor 

temperature (SMHI, 2019).  

 The normal year correction is calculated in four steps:  

1. Reduce the DHW energy from the total heating to get the temperature dependent Space heating  

𝑆𝑝𝑎𝑐𝑒 ℎ𝑒𝑎𝑡𝑖𝑛𝑔 = 𝐷𝑒𝑙𝑖𝑣𝑒𝑟𝑒𝑑 ℎ𝑒𝑎𝑡𝑖𝑛𝑔 − 𝐷𝐻𝑊 20 

 

2. Calculate a correction factor, C, by comparing the degree day of the normal reference month, 

NRM, to the actual month, AM.  
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𝐶 =
𝐴𝑀

𝑁𝑅𝑀
 21 

  

3. Correct the heating load.  

𝑆𝑝𝑎𝑐𝑒 ℎ𝑒𝑎𝑡𝑖𝑛𝑔𝑛𝑜𝑟𝑚𝑎𝑙 =
𝑆𝑝𝑎𝑐𝑒 ℎ𝑒𝑎𝑡𝑖𝑛𝑔

𝐶
 22 

 

4. Add the DHW 

𝐻𝑒𝑎𝑡𝑖𝑛𝑔𝑛𝑜𝑟𝑚𝑎𝑙 = 𝑆𝑝𝑎𝑐𝑒 ℎ𝑒𝑎𝑡𝑖𝑛𝑔𝑛𝑜𝑟𝑚𝑎𝑙 + 𝐷𝐻𝑊 23 

 

The mean temperatures, AM, and the normal degree days, NRM, are produced by SMHI and available 

for a fee.  

The performance of the heat pump can be quantified by the Coefficient of Performance (COP) which 

is the relation between the power output (heat or cold) and the input power (electricity) to the heat 

pump.  

𝐶𝑂𝑃 =
𝑄ℎ𝑒𝑎𝑡/𝑐𝑜𝑙𝑑 

𝐸ℎ𝑝   
 
[𝑘𝑊]

[𝑘𝑊]
 24 

 

A rough estimation is that the COP increase by 2-3% for every degree increase of the evaporation 

temperature (Björk, et al., 2013). The COP stated by heat pump manufacturers is calculated at a specific 

operation conditions and is used to classify the performance. The current standard is the SS-EN 14511 

(SIS S. S., 2018).  

A SCOP can also be used to evaluate the aggregated COP during a year. It is calculated at certain 

standard conditions. The method for calculating SCOP is explained in detail in SS-EN 14825.  

  

𝑆𝐶𝑂𝑃 =  
∑ 𝑄ℎ𝑒𝑎𝑡

∑ 𝐸ℎ𝑝
 
[𝑘𝑊ℎ]

[𝑘𝑊ℎ]
 25 

 

The ideal physical efficiency that can be achieved when transferring heat from a low temperature 

source, T2 [K], to a high temperature source, T1 [K] is called the Carnot efficiency. (Granryd, et al., 2011). 

The Carnot efficiency for a heat pump in providing heat is expressed as  

𝐶𝑂𝑃1𝐶𝑎𝑟𝑛𝑜𝑡 =
𝑇1

𝑇1 − 𝑇2
 26 

 

The Carnot cycle assumes that vaporization and condensation temperatures/pressures are constant. 

For such cases, the arithmetic mean can be calculated as the mean of the boiling and condensation 

temperature, for T2 and T1, respectively.  

For transcritical cycles when the condensation temperature varies, the Lorentz cycle help describe and 

quantify the performance of the cycle. Gustav Lorentzen showed that the ideal COP could be calculated 
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when glide occurs by calculating the logarithmic temperature difference between the outlet and inlet 

of the refrigerant in the evaporator and condenser, this is referred to as the Lorentz efficiency and is 

useful when dealing with transcritical vapor compression systems. However, as Granryd et al states 

“for ordinary practical applications the glide is quite small and for such cases the difference between 

the arithmetic and the logarithmic average is negligibly small” (Granryd, et al., 2011).   

For a real system, there are losses resulting in a COP that will always be less than the ideal Carnot cycle. 

The Carnot efficiency, 𝜀𝐶𝑂𝑃, quantifies the efficiency of a heat pump related to an ideal heat pump 

operating at the same temperatures on the cold and hot side.  

𝜀𝐶𝑂𝑃 =
𝐶𝑂𝑃1

𝐶𝑂𝑃1𝐶𝑎𝑟𝑛𝑜𝑡
 27 

 

The COP defined according to standards enables the heat pump manufacturers to quantify the 

performance of the heat pump based on specific test conditions. The Seasonal Performance Factor 

(SPF) however, is calculated based on measured data from a heat pump installed in a system outside 

of a lab environment during a year. It does therefore evaluate the performance at the different 

operating conditions it experiences during the year.  

 

Since the heat pump is part of a heating system the SPF will depend on which power consuming 

components are in included in the power input (E) and what heat is provided. It is thus crucial that the 

definitions used to calculate the SPF are explicitly stated to enable comparison between different 

systems. The project supported by the European union, SEPEMO Seasonal Performance factor and 

Monitoring for heat pump systems in the building sectors has proposed different levels at which the 

SPF can be classified.  

There are four levels of SPF regarding  heating,  each level adding components on the previous, shown 

below (Zottl & Nordman, 2012). Similarly, there are four levels for the SPF concerning cooling.   
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1. 𝑆𝑃𝐹𝐻1 =
𝑄𝑆𝐻+𝑄𝐷𝐻𝑊

𝐸𝑐
 28 

 

Provided space heating,𝑄𝑆𝐻, and domestic hot water (DHW), 𝑄𝐷𝐻𝑊, are included. The only included 

energy is the one provided to compressor, Figure 8. 

2. 𝑆𝑃𝐹𝐻2 =
𝑄𝐻+𝑄𝐷𝐻𝑊

𝐸ℎ𝑝+𝐸𝐶𝑆
 29 

 

The second level includes (in addition to SPF1) the extra electricity demand for auxiliary devices for the 

heat pump to extract heat from the cold source (the ground). This includes secondary fluid circulation 

pumps in the ground, control system, circulation pumps in the heat pump etc., Figure 8. 

 

3. 𝑆𝑃𝐹𝐻3 =
𝑄𝐻+𝑄𝐷𝐻𝑊+𝑄𝐵𝑈

𝐸ℎ𝑝+𝐸𝐶𝑆+𝐸𝑏𝑢

 30 

 

In level 3, also the backup heaters are added which provide the heating, 𝑄𝐵𝑈,Figure 8. The energy 

source for the thermal energy provided by backup heaters is irrelevant, it could be electric, district 

heating or solar heating and they are treated equally.  

 

4. 𝑆𝑃𝐹𝐻4 =
𝑄𝐻+𝑄𝐷𝐻𝑊

𝐸ℎ𝑝+𝐸𝐶𝑆+𝐸𝑏𝑢+𝐸𝐻𝑆
 31 

 

Figure 8. SPF boundaries. 
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In level 4, all auxiliary components on the heat sink side are also included. This includes all circulation 

pumps and fans in the building as means of providing heating. This SPF allows the comparison of 

centralized heating system to distributed systems, independently of type of system.  

The SPFH1 as described above, indicates the efficiency of the heat pump for the temperature levels it 

is working between. If these change, the SPF will also change.  When comparing two systems with 

different temperature difference between the source side and the supply side, the SPF will not take 

these characteristics into account and might result in unfair comparison.  A seasonal Carnot cycle is 

suggested in this thesis and can be calculated as a reference.  

𝑆𝑃𝐹𝐶 =
𝑇1̅

𝑇1̅ − 𝑇2
̅̅̅

 32 

 

Where the 𝑇1̅ and 𝑇2
̅̅̅ are the annual mean of the condensation and evaporation temperatures during 

operation of the heat pumps. Similar to the Carnot efficiency of COP, a Carnot efficiency of SPF can be 

calculated (Zottl & Nordman, Benchmarking method of seasonal performance. D4.4 Benchmarking 

method of seasonal performance under, 2012) 

𝜀𝑆𝑃𝐹 =
𝑆𝑃𝐹𝐻1

𝑆𝑃𝐹𝐶
 33 

 

This allows the comparison of two systems having different operating temperatures. In addition, the 

combination evaluating systems based on SPF and 𝜀𝐶  provide powerful insights of the system.  If the 

𝜀𝑆𝑃𝐹 is high but the SPFH1-SPFH4 is low, it is because the temperature difference between the source 

side and load side is large. The heat pump has thus a good efficiency based on the temperature levels 

and is not to blame for the poor performance of the system. The opposite occurs if both the SPF is low 

and the 𝜀𝑆𝑃𝐹 are low. 

Furthermore, since the GSHP is connected to a building, the energy performance of the building itself 

cannot be neglected when evaluating a system. An efficient heat pump heating a building with poor 

thermal insulation and with inefficient ventilation systems is a GSHP system with lost potential.  

The Swedish national board of housing, building and planning (Boverket) has building requirements 

(BBR) for the energy performance of new buildings. Boverket normalizes the energy usage of buildings 

to the heated area. Boverket previously used the key performance indicator Specific energy usage 

(SEU) when classifying buildings (Boverket, 2016).  

𝑆𝐸𝑈 =
𝑄1

𝐴𝑟𝑒𝑎ℎ𝑒𝑎𝑡𝑒𝑑
 34 

Q1 heating usage for building. 𝐴𝑟𝑒𝑎ℎ𝑒𝑎𝑡𝑒𝑑=Area that is heated.  

The current KPI that Boverket uses has a primary energy weighting factor attached to Q1. In this 

classification, the energy is evaluated taking the primary energy into account. Primary energy can be 

considered raw energy such as oil, biomass and waste that has not yet been converted into other 

secondary energy such as electricity. According to the BBR, the primary energy factors that should be 

used is 1.6 for electricity and 1.0 for district heating (Boverket, 2018). It is also proposed that these 

should be changed to 1.85 and 0.95 for the time period 2020-2025 (Boverket, 2018).  
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3.5 MEASUREMENT TECHNIQUES AND UNCERTAINTIES  

3.5.1 Calculation of uncertainties  

Measurement uncertainties are divided into two types: type A and Type B. Type A consist of random 

errors during the measurements. The type B error can be seen as imported uncertainties since they 

are dependent on external factors such as calibration of measurement devices. The error due to 

calibration error is called bias. That an uncertainty is normally distributed means that the mean values 

will converge into a mean as the number of sample size increase. This is referred to as the best 

estimate.  

The relative error, often used when stating the accuracy of a device, is defined as the 

𝑒 =
(𝑇𝑟𝑢𝑒 𝑣𝑎𝑙𝑢𝑒 − 𝑀𝑒𝑎𝑠𝑢𝑟𝑒𝑑 𝑣𝑎𝑙𝑢𝑒)

𝑇𝑟𝑢𝑒 𝑣𝑎𝑙𝑢𝑒 
∗ 100% 35 

The true value is the exact value that would be measured if there were no error in the measuring 

device at all, thus it is impossible to actually measure since there will always be errors. It would be 

incorrect to assume that the relative error is the same for a certain measurement with a measured 

value (M). However, since the true value is unknown when performing field measurements, it must be 

substituted to quantify the estimated error. When repeated measurements are performed, the mean 

value is often used as the best estimate, replacing the true value.  

Each measurement device has an uncertainty that can be stated in different ways. The specified error 

of a measurement device can be within a certain range, for an example +/- 1 K. That is why the error 

range is often specified as a standard uncertainty. For an uncertainty specified in standard uncertainty, 

68% of the values will be within this error range. When the error is given in absolute numbers, they 

can be converted into standard uncertainty. When assuming that the distribution can be represented 

by a rectangular function, the specified error can be calculated into standard uncertainty as  

𝑢 =
𝐸𝑟𝑟𝑜𝑟

√3
 36 

 

When there are several uncertainties affecting a result of a specific variable, each uncertainty can be 

added to calculate a combined uncertainty. When quantities are calculated from input variables having 

uncertainties, these must be considered. For cases when the quantities are added such as 

𝑌 = 𝑋1 + 𝑋2+. . +𝑋 𝑖 37 

 

X is each measurement value and Y is the sum of all measurement values.  

𝑢2(𝑌) =  ∑ 𝑢𝑖
2(𝑋𝑖)

𝑁

𝑖=1

 38 

 

 

The combined standard uncertainty can be calculated as the sum of the square of the standard 

uncertainty of each variable, Xi (Joint Committee for Guides in Metrology, 2008). This is valid only if 
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the input variables are independent from each other, that is the occurrence of one variable does not 

affect the other variable. 

𝐸 =  ∑ 𝑌𝑖 ∙ 𝑢𝑖
2(𝑋𝑖) 
 

𝑁

𝑖=1

39 

  

For cumulative measurements the type B error due to calibration errors propagate. The absolute error, 

E, for every time interval must therefore be added if continuous measurements are added (Spitler & 

Gehlin, 2018).  

𝑌 = 𝑋1
𝑝1𝑋2

𝑝2𝑋𝑖
𝑛 40 

 

For multiplication and division of independent uncertainties such as equation 40, the uncertainty is 

normalized based on the value of the input variable (Joint Committee for Guides in Metrology, 2008).  

 [
𝑢𝑐(𝑦)

𝑦
]

2

=  ∑ [
𝑝𝑖𝑢(𝑋𝑖)

𝑋𝑖
]

2𝑁

𝑖=1
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Equation 41 shows the normalized uncertainty, (Joint Committee for Guides in Metrology, 2008).  

𝑀𝑒𝑎𝑠𝑢𝑟𝑒𝑚𝑒𝑛𝑡 𝑣𝑎𝑙𝑢𝑒 ± 𝑢 42 

The value of the measurement with its uncertainty, u, is presented as equation 42.  

3.5.2 Measurement devices  

Flow meter: There are different types of flow meters. One is the ultrasonic flow meters having the 

benefit of not obstructing the flow and will thus not adding any pressure loss to the flowing fluid. The 

ultrasonic flow meter emits ultrasonic sound waves between two transducers mounted on the pipe. 

The flow will affect the time for the sound wave to travel from one transducer to the other. The 

measurement is accomplished by emitting sound waves in the upstream and downstream direction 

and comparing the time since the difference is proportional to the velocity (Fowles & Boyes, 2010).  

Temperature sensor: Temperature measurements can be made with different measuring devices. One 

of them is the resistance temperature detector (RTD), consisting of a conductive wire of metal whose 

resistance changes with temperature. Depending on the design of the device, the resistance will 

chance differently. By measuring the resistance, the temperature can be deduced. One common type 

of RTD in the building sector is PT1000 which consist of a platinum wire that has the resistance of 1000 

ohm at 0 C.  The error of the measuring devices differs depending on the type. The tolerance of the 

RTDs are standardized according to IEC 60751 and EN 60751. These two standards have identical 

specifications (Heraues, 2019).   

Table 1. Tolerance according to IEC 60571. 

Tolerance class Tolerance value 

AA ±(0,1 + 0,0017 |𝑡|) 

A ±(0,15 + 0,02 |𝑡|) 

B ±(0,3 + 0,005 |𝑡|) 
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C ±(0,6 + 0,01 |𝑡|) 

The tolerances according to IEC 60751 are listed in Table 1.  

Thermal energy meters measure temperature difference and the flow to calculate the thermal energy. 

The accuracy of the energy meters are thus dependent on the accuracy of the temperature meters, 

the flow meters and the computing unit. The Measuring Instruments Directive (MID) 2014/32/EU has 

classification of the accuracy of a number of meters and their respective standards are included in 

(MID) 2014/32/EU. There are three accuracy classes ranging from one to three, one being the one with 

the highest accuracy. It stated that” Where a Member State imposes measurement of commercial 

and/or light industrial use, it is authorized to require any Class 2 meter.”  

In 2014/32/EU, Annex VI, section 7 of the accuracy for each class of thermal energy meters is described 

as below as expressed as the relative error of the true value. This corresponds to EN 1434-4:2007 

(European comission, 2019).  

𝑒 = 𝑒𝑓 + 𝑒𝑡 + 𝑒 𝐶  43 

 

e is the total error, ef is the flow rate error, et is the temperature error and EC is the calculation error. 

The relative mean percentage error for the flow rate expressed in % is for class 2:  

𝑒𝑓 = 2 + 0,02
𝑞𝑝

𝑞
 44 

   

not more than 5%, 𝑞 is the measured flow rate and 𝑞𝑝 is nominal flow.  

The relative mean percentage error of the temperature sensor pair is  

𝑒𝑡 = 0,5 + 3
∆𝜗𝑚𝑖𝑛

∆𝜗
 45 

 

∆ϑ is the temperature difference between the two temperature meters.  

The relative mean percentage error of the calculator is  

𝑒𝐶 = 0,5 +
∆𝜗𝑚𝑖𝑛

∆𝜗
 46 

 

Electricity meters are classified into class A, B and C having the accuracy of 2%, 1% and 0, 5% 

respectively according to EN50470-3.  
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4 Method 

The performance of the GSHP systems will be evaluated in three separate parts detailed in this section.   

Information about each GSHP system and the measurement data must be collected either on site or 

by accessing the uploaded data from servers.   

 

An overview of data and the necessary processing to calculate KPIs for part I is shown in Figure 9. 

An overview of data and the necessary processing to calculate KPIs for part I is shown in Figure 10. 

 

Figure 9. Flow chart of method part I. 

Figure 10. Flow chart of method part II. 
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4.1  REQUIREMENTS 
 

In order to be able to perform an evaluation of the GSHP systems, sufficient data must be available for 

each GSHP system. The following information should be available and gathered:     

The following information should be obtained: 

• Hourly measurement data for at least 12 consecutive months allowing the calculation of SPFH2 

and SPFH3-SPFH4 if possible, presented in section 3.4. Site visits are preferred but not a 

requirement.  

• The accuracy of the energy/temperature/flow meters.  

• Type of building 

• Location 

• Construction year 

• Area (BOA) [m2] 

• Installed heating capacity [kW] 

• Backup heater type 

• Number of boreholes 

• Measurement points 

• Flow charts of the heating system.  

4.2 PART I – HEATING DEMAND AND OPERATION 
The first part consists of a historic energy analysis of the annual energy use and the operation of the 

system. This type of analysis is performed using the monthly data that has been manually documented 

by the technicians.  The purpose of this part is mainly to analyze how the heating demand and the 

stability of the system. The readings have been recorded manually, by technicians that might have 

recorded the measurements irregularly, causing it to be an uncertainty which cannot be quantified 

why no uncertainty analysis is performed in this part.   

Table 2. KPIs part I 

Key Performance indicator Parameters that are quantified 

Total heat demand - normal year corrected 
[MWh] 

Energy demand of the building including both 
space heating and domestic hot water.  

Specific energy usage [kWh/m2] Total heat demand normalized by area for 
comparison with other buildings  

Heating demand from heat pump and backup 
heater [MWh] + ratio of HP [%] 

Utilization of heat pumps 

Heat pump electricity consumption Stability in operation of each heat pump 

 

The historic energy analysis should include the KPIs listed in Table 2.  The total heating demand and 

the specific energy usage are normal year corrected. This allows the identification of any major change 

in heating demand throughout the years. The heating provided by the heat pump and backup heaters 

are also presented along with the ratio of the heat that is provided by the heat pumps.  
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The electricity consumption of each heat pump and the internal circulation pumps is presented, 

showing how much each heat pump has been used and if there has been uneven run time when several 

heat pumps are installed.  

In this part, a qualitative study on the operation of the GSHP systems should also be conducted which 

includes the gathering of information from the technicians of the GSHP system. This is done by 

interviews and by collecting information of the operation from available documentation from the 

technicians. This helps explaining the historic of the system.  

4.3 PART II – DETAILED ANALYSIS  
This part consists of detailed performance calculations and an uncertainty analysis.  

4.3.1 Key performance indicators and measurement points.  

 

The SPF is calculated according to the boundaries set by SEPEMO (with and without primary energy 

factor). Additional KPIs that are calculated, and the necessary measurements are listed in Table 2.  

Table 3. Key performance indicators. 

Key performance indicators 

System 
parameter 

Annual 
energy/ 
temperature 

SPFH1 

+  

SPFH1PE  

[-] 

SPFH2  

+  
SPFH2PE  

[-] 

SPFH3 

 +  

SPFH3PE  

[-] 

SPFH4 

+  
SPFH4PE  

 [-] 

ERT* 
[h] 

PS** 
[kWh/h] 

SPFT ηSPFT,

H1 
 

ηSPFT, 

H2 
 

Electricity 
Compressor 
[kWh] 

X X       X X 

Electricity 
Compressor + 
internal circ. 
pumps [MWh] 

X  X X X     X 

Electricity external 
secondary fluid 
pumps + control 
unit [MWh] 

X  X X X     X 

Electricity external 
heat sink pumps 
[MWh] 
 

X  X        

Delivered heat - 
heat pump [MWh] 

X X X X X X X  X X 

Delivered heat – 
backup heater 
[MWh] 

X   X X  X    

Total delivered 
heat [MWh]  

X   X X      

Temperature 
(Normalized)- 
Secondary fluid 

X          
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*ERT is defined as  

𝐸𝑅𝑇 =
𝐷𝑒𝑙𝑖𝑣𝑒𝑟𝑒𝑑 ℎ𝑒𝑎𝑡 𝑏𝑦 ℎ𝑒𝑎𝑡 𝑝𝑢𝑚𝑝𝑠

𝑀𝑎𝑥𝑖𝑢𝑚 ℎ𝑒𝑎𝑡𝑖𝑛𝑔 𝑐𝑎𝑝𝑎𝑐𝑖𝑡𝑦 𝑜𝑓 ℎ𝑒𝑎𝑡 𝑝𝑢𝑚𝑝𝑠
 58 

**Power signature 

 

The power signature shall be plotted by every hour of the year and also by the outdoor air 

temperature. The energy signature will show the peak demand and the duration. The reliability of the 

measuring system is done by investigating the plots of the compressor energy and the heat from Heat 

Pump to validate that the energies are registered. By analyzing the electricity demand of the 

compressor, the load of the heat pump can be identified during the year. Also, how the different heat 

pumps are working together.  

By calculating SPFH2 a comparison between the systems can be made. Electricity for source side 

circulation pumps [kWh] enables the calculation of SPFH4. Since this measurement is not logged, the 

mean annual consumption will be calculated based on total energy consumption and total operational 

hours provided by accessing the stored information in the Grundfos pumps using the R100. This is 

however not possible for all models.  

The domestic hot water production is estimated if not available by energy meter. This is done by 

calculating the energy needed to heat the cold inlet water to the set point of the DHW using available 

flow measurements and estimating the inlet cold water temperature. The set point of DHW temperate 

is assumed to be constant during the year and that the temperatures of the water is heated to the set 

point. In order to estimate the energy for DHW, the average inlet temperature for each month is 

calculated based on measurement done by Stockholm vatten.  

The energy consumption by the internal circulation pumps will be estimated. First the pump model 

will be identified by searching the information sheet of each heat pump. The nominal flow rate stated 

by each heat pump manufacturer in the information sheet is assumed to be the constant operating 

volume flow of the pump. It is assumed that the system curve does not change when having circulation 

pumps in parallel. In order to calculate the uncertainty of the energy meters according to the standards 

inlet to 
evaporator [°C]  
Temperature 
(Normalized) - 
Secondary fluid 
outlet from 
evaporator [°C]  

X       X X X 

Temperature 
(Normalized) - 
Mean secondary 
fluid [°C] 
 

X          

Temperature 
(Normalized) - 
Heating water 
supply from 
condenser [°C] 
 

X       X X X 
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the flow rate must be known at every reading. If the flow is not measured, the maximum allowable 

error of the standard is used for calculations. A comparison with the measured flow rate and the 

calculated flow rate is done in order to quantify the difference and verify the method. The power for 

the internal circulation pumps on the heating side is estimated by assuming that the pumps run at 50% 

or the medium speed setting. The power consumption is found graphically by using the nominal flow 

rate specified by the heat pump data sheet and the medium speed. The duration of the operation is 

assumed to be equal to the ERT hours. The secondary fluid pumps consume far more energy and are 

not estimated since they can be included in SPFH2 whereas internal heating side pumps cannot.   

In order to validate the correct order of magnitude of the flow meter, the flow is calculated with 

equation 1 using the measurement from the energy meter and the temperature pair and the supply 

and return pipe.  

4.3.2 Data collection and uncertainty analysis 

The electricity meters are cumulative and the annual electricity consumption 𝐸𝑎𝑛𝑛𝑢𝑎𝑙 is calculated by  

𝐸𝑎𝑛𝑛𝑢𝑎𝑙 = 𝐸𝑒𝑛𝑑 − 𝐸0 47 

The thermal energy meters are also cumulative.  

 

 

 

 

 

 

The annual thermal energy is calculated by  

𝑄𝑎𝑛𝑛𝑢𝑎𝑙 = 𝑄𝑒𝑛𝑑 − 𝑄𝑠𝑡𝑎𝑟𝑡  48 

Uncertainty is evaluated at each reading which occurs hourly. The uncertainty of the electricity meters 

is a constant relative error. The total uncertainty of the electricity meters is therefore calculated as  

𝑢(𝐸) = 𝑒𝑒𝑙𝑒𝑐𝑡𝑟𝑖𝑐𝑖𝑡𝑦 ∗ 𝐸𝑎𝑛𝑛𝑢𝑎𝑙  49 

The uncertainty of the thermal energy meters is calculated according to MID 2014/32/EU. If no flow 

measurements are available, the maximum error of 5% according to the standard is used. A mean 

value of the errors is not representative of the entire uncertainty since the energy extraction differs 

each hour.  

i=1:8760 Time 
interval 
[hours] 

Energy 
cumulative 
[kwh] 

Energy 
interval 
[kwh] 

Flow rate 
cumulative 
[m3/h] 

Flow rate 
interval 
[m3/h] 

Mean 
temperature 
difference [K] 

1 0:1 Q1 Q1-0 

 
F1 Fi-0 Tsupply,1-Treturn,1 

i i-1:i Qi Qi-Qi-1 Fi Fi-Fi-1 Tsupply,i-Treturn,i 

8760 8759:8760 Q8760 Q8760-
Q8759 

F8760 F8760-F8759 Tsupply,8760-
Treturn,8760 
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𝑢(𝑄) = ∑ 𝑢(𝑄𝑖)

8760

𝑖=1

50 

The total uncertainty for the entire measurement period of arbitrary energy meter is the sum of the 

uncertainty of every hourly reading since the error propagates due to the fact that the energy meters 

shows the cumulative value.  

𝑆𝑃𝐹𝑋 =
𝑄𝑥

𝐸𝑥
=

𝑄1 + … + 𝑄𝑛

𝐸1+. . +𝐸𝑛
 51 

Since the SPF is calculated according to equation 51, there are combined uncertainties for both 𝑄𝑥  

and 𝐸𝑥. 

𝑢(𝑄𝑥) = √𝑢(𝑄1)2 + ⋯ + 𝑢(𝑄𝑛)2 52 

𝑢(𝐸𝑥) = √𝑢(𝐸1)2 + ⋯ + 𝑢(𝐸𝑛)2 53 

 

In accordance with equation 38, the uncertainties for 𝑄𝑥 and 𝐸𝑥 are expressed in equations 52 and 53.  

𝑢(𝑆𝑃𝐹𝑥) = 𝑆𝑃𝐹𝑥√[
𝑢(𝑄𝑥)

𝑄𝑥
]

2

+ [
𝑢(𝐸𝑥)

𝐸𝑥
]

2

 54 

  

The uncertainty of the SPF is based on the relative uncertainty of 𝑄𝑥  and 𝐸𝑥 , equation 54. It is 

calculated according to equation 41.  

Figure 11. Uncertainty of thermal energy meter 
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4.3.3 Ideal temperature dependent SPF and normalization by temperatures 

An ideal SPF that is determined by the normalized temperature will be referred to as the ideal 

temperature dependent SPF with the denotation  𝑆𝑃𝐹𝑇. It will be expressed as  

𝑆𝑃𝐹𝑇 =
𝑇𝑤𝑎𝑡𝑒𝑟,𝑠𝑢𝑝𝑝𝑙𝑦, 𝑛𝑜𝑟𝑚𝑎𝑙𝑖𝑧𝑒𝑑
̅̅ ̅̅ ̅̅ ̅̅ ̅̅ ̅̅ ̅̅ ̅̅ ̅̅ ̅̅ ̅̅ ̅̅ ̅̅ ̅̅ ̅̅

𝑇𝑤𝑎𝑡𝑒𝑟,𝑠𝑢𝑝𝑝𝑙𝑦,𝑛𝑜𝑟𝑚𝑎𝑙𝑖𝑧𝑒𝑑  ̅̅ ̅̅ ̅̅ ̅̅ ̅̅ ̅̅ ̅̅ ̅̅ ̅̅ ̅̅ ̅̅ ̅̅ ̅̅ ̅̅ ̅̅ − 𝑇𝑠𝑒𝑐𝑜𝑛𝑑𝑎𝑟𝑦 𝑓𝑙𝑢𝑖𝑑,𝑜𝑢𝑡𝑙𝑒𝑡,𝑛𝑜𝑟𝑚𝑎𝑙𝑖𝑧𝑒𝑑
̅̅ ̅̅ ̅̅ ̅̅ ̅̅ ̅̅ ̅̅ ̅̅ ̅̅ ̅̅ ̅̅ ̅̅ ̅̅ ̅̅ ̅̅ ̅̅ ̅̅ ̅̅ ̅̅ ̅̅

 55 

It should be noted that the temperatures should be in Kelvin as in the calculation of the COP1C. The 

difference between SPFT uses temperatures of the secondary fluid temperatures as opposed to COP1c 

and that they are normalized to reflect a year of operation. If the compressor power is high, the 

correspond temperature should be weighted higher than during times with low compressor power. If 

the compressor is off, the temperature should not be included at all.  

 

The normalization can be done for an arbitrary number of heat pumps installed in parallel. 

Normalization should be performed in two steps. The first step is to analyze each heat pump separately 

and normalize based on the annual power for this heat pump. This will yield a normalized temperature 

at any given time step. When there are heat pumps working in parallel these values should be used to 

calculate a mean. To reduce the risk that one heat pump with intermittent operation affects the mean 

normalized temperature for the entire system, the normalization is also performed based on the total 

heat pump electricity consumption. In this way, temperatures will be normalized based on the annual 

operation of one specific heat pump and also based on how the fraction of that heat pump of all the 

installed heat pumps.    

The efficiency of the heat pump will be the ratio of the ideal temperature dependent SPF to the 

calculated SPF for boundary H1 if possible, otherwise SPFH2. This will result in a quantification of the 

heat pump efficiency with the temperatures that the heat pump operates at into consideration. This 

will quantify how well a heat pump manage to perform and enable the comparison between heat 

pumps installed in different GSHP-systems without measuring the evaporation and condensation 

temperatures/pressures. The temperature dependent SPF efficiency is expressed as 

𝜂𝑆𝑃𝐹𝑇,𝐻1 =
𝑆𝑃𝐹𝐻1

𝑆𝑃𝐹𝑇
 56 

 

𝜂𝑆𝑃𝐹𝑇,𝐻2 =
𝑆𝑃𝐹𝐻2

𝑆𝑃𝐹𝑇
 57 

Heat pump 1 Heat pump 2 Total heat pumps 

Total Compressor Electricity 1 Total Compressor Electricity 2 Total Compressor Electricity   

𝐶𝐸1 𝐶𝐸2 𝐶𝐸1 + 𝐶𝐸2 = 𝐶𝐸 

Temperature 
1 

Heat pump 
electricity 1 

Normalized 
temperature 1 

Temperature 
2 

Heat pump 
electricity 2 

Normalized 
temperature 2 

Normalized temperature - 𝑁𝑇1
𝑇 

𝑇1
1 𝐸1

1 𝐸1
1

𝐶𝐸1

∙ 𝑇1
1 = 𝑁𝑇1

1 
𝑇1

2 𝐸1
2 𝐸1

2

𝐶𝐸2

∙ 𝑇1
2 = 𝑁𝑇1

2 
𝐶𝐸1

𝐶𝐸
∙ 𝑁𝑇1

1 +
𝐶𝐸2

𝐶𝐸
∙ 𝑁𝑇1

2 =  𝑁𝑇1
𝑇  

⋮ ⋮ ⋮ ⋮ ⋮ ⋮ ⋮ 

𝑇𝑛
1 𝐸𝑛

1 𝐸𝑛
1

𝐶𝐸1

∙ 𝑇𝑛
1 = 𝑁𝑇𝑛

1 
𝑇𝑛

2 𝐸𝑛
2 𝐸𝑛

2

𝐶𝐸2

∙ 𝑇𝑛
2 = 𝑁𝑇𝑛

2 
𝐶𝐸1

𝐶𝐸
∙ 𝑁𝑇𝑛

1 +
𝐶𝐸2

𝐶𝐸
∙ 𝑁𝑇𝑛

2 =  𝑁𝑇𝑛
𝑇  

Mean  
normalized  
temperature 1 

∑ 𝑁𝑇𝑖
1

𝑛

𝑖=1

 
Mean  
Normalized 
 temperature 2  

∑ 𝑁𝑇𝑖
2

𝑛

𝑖=1

 
Mean  
normalized 
temperature 

∑ 𝑁𝑇𝑖
𝑇

𝑛

𝑖=1
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4.4 PART III – EVALUATION OF BOREHOLE HEAT EXCHANGERS 
This part of the evaluation quantifies the difference in mean secondary fluid temperature between the 

simulated cases and the measured values. Also, the input parameters is changed to the measured 

values in order to quantify the real difference. The evaluation consists of three steps: 

4.4.1 Design values 

Simulate the mean secondary fluid temperature with EED using the input parameters used as design 

values. Export the secondary fluid temperature for the months with available temperature readings 

on the secondary fluid.   

 

4.4.2 Sensitivity analysis 

Simulate as in step 1. But with the updated input parameters. In order to perform a sensitivity 

analysis on the input parameters, the mean secondary fluid temperature is simulated with only one 

parameter changed. After the simulation, the input should be reverted to the original design value 

and the next parameters can be changed. After every individual change, all parameters are updated 

and a final simulation is made taking all the difference in input variables into account. If there is no 

information of the design values for a GSHP system, the final EED simulation is simulated directly. 

The borehole map should also be found to allow the proper geometry when simulating in EED. If the 

owner of the GSHP system does not have the borehole map, it will need to be found by contacting the 

Environmental department, Stockholm municipality. The measurements used for input is the ground 

surface temperature, borehole configuration, heating/cooling load, SPF, energy fraction for each 

month.  The heating/cooling load will be the average value of the heat from heat pump.  The peak 

load/duration will be the mean values from the Energy signature of provided heat. SPFH1 is used as 

the SPF input. If the borehole configuration is irregular, the coordinates is inputted into EED for the 

software to suggest the closest match in term of geometry of a normal configuration. If the position of 

half the length of the boreholes is marked in an existing borehole map, the distances will be manually 

measured to create a new coordinate system for import to EED. If the borehole position is listed along 

with tilt angle and direction, the position of half the borehole length will be calculated and used to 

create the coordinate system.  

4.4.3 Comparison of temperatures 

Compare the mean secondary fluid temperature between EED simulation and EED-models made in 

step 4.4.1, 4.4.2 and measurements from part II.  
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5 Description of GSHP systems 

In this chapter each GSHP system is described in three parts. The first part shows the map of the 

buildings with the area. This is shown to introduce the reader to the buildings and relevant information 

indicating the heating demand. Thereafter, the heat pump and the heating system is explained. Flow 

charts explaining the heat pump configuration and other components are presented. Also, the 

available measurement points of interest for the calculation of SPF and other KPIs are presented in a 

table. Finally, the borehole configuration is shown together with relevant information to enable 

simulation of the mean secondary fluid temperature in EED.  

Table 4. General information of GSHP systems. * Boreholes that were drilled in 1970s, the actual number is unknown.   

*Believed number of boreholes 

** Assuming the five boreholes are also 250m each.  

General information of each system is listed in Table 4.  

Table 5. Measured inlet water temperature by Stockholm vatten and the mean value for each month, 
Bromma. (Stockholm vatten). *The temperature for December has been estimated by the mean 
temperature of  November and January.  

Month 2016 
[°C] 

2017 
[°C] 

2018 
[°C] 

Mean 
[°C] 

Jan 5,7 3,8 
 

4,8 

Feb 3,4 
 

5,4 4,4 

Mar 
 

7,2 
 

7,2 

Apr 7,5 5,2 2,2 5,0 

May 
  

14,7 14,7 

Jun 11,1 14,7 
 

12,9 

Jul 
  

14 14,0 

Aug 11,8 11,5 
 

11,7 

Sep 12,7 
 

15,4 14,1 

Oct 
 

10,5 
 

10,5 

Nov 11 
 

10,4 10,7 

Dec 
   

7,8* 

 

System name 011 027 249 

Type of building Multi-family 
Residential 

Multi-family 
Residential 

Multi-family Residential 

Location Bromma, 
Stockholm 

Bromma, 
Stockholm 

Bromma, Stockholm 

Built year 1939 1945 2011 

Area [m2] 4090 5798 2238 

Number of apartments 84 108 30 

Capacity heat pumps [kW] 120 195 80 

Date of installation September 2011 December 2011 January 2011 

Backup heater  District heating District heating Electric resistance heater  

Boreholes 11+5* 21 9 

Borehole depth [m] 250 250 210 

Total borehole depth [m] =2750+1250** 5250 1890 



 

 
43 

 

The inlet water temperature from the water system differs during the year. The temperature has been 

measured by Stockholm vatten in Riksby, a district in Bromma, located in Stockholm. The data was 

provided by Stockholm vatten via email correspondence.  The average water temperature has been 

calculated and is listed in Table 5.  

5.1 011 – LILLSJÖBACKEN/ÖSTAN  

5.1.1 Buildings 

There are six multi-family residential buildings included in area 011, Figure 12. They were built in 1939. 

The total area (BOA+LOA) is 4090 m2.  The area is located at Barrstigen 34 in Bromma, Stockholm. The 

building is connected to the district heating network.  

 

5.1.2 Heat pump/heating system 

The heating system solution combines GSHP with district heating.  

Figure 12. Buildings included in 011. 
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The GSHP system consist of three heat pumps with internal circulation pumps, external circulation 

pumps and district heating. The SPF boundaries and the mentioned components are illustrated in 

Figure 13.  

 

Figure 14. Flow chart of heat pumps in 011 

Figure 13. SPF boundaries - 011 
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The heat pump units consist of one Nibe F1330 60 kW and two Nibe F1330 30 kW heat pumps.  Each 

heat pump has two parallel compressors. The two 30 kW heat pumps were initially the only heat 

pumps in the system. In 2011, the 60 kW unit was added.  The power consumption for the internal 

circulation pump for the heating water is 340 W for both the two 30 kW and 60 KW heat pump. The 

pumps are assumed to be of constant speed type. If they run every hour of the year, the energy 

consumption would be 8935 kWh at 1020 W nominal power consumption of the internal circulation 

pumps.   

All the heat pumps run in parallel to provide warm water for both heating and DHW. The start/and 

stop sequence of the heat pumps is controlled to equalize the hours of operation for each heat pump. 

All the produced heating water converges into one outlet line to the rest of the heating system named 

UC, Figure 14.  

After the water has been heated by the heat pumps, it enters the system shown in Figure 15 in the 

lower left pipe wrongly referred to as VPU. The water is then used to either preheat the incoming cold 

water in the heat exchanger VV01-VVX2 or diverted before or after the upper heat exchanger VS01-

VXX1 to be used as heating water.  

The incoming cold water is heated by the heat pump water as previously mentioned in the HE VS01-

VVX2 and can then be heated by district heating in the lower heat exchanger bearing the name VS01-

VVX1. During the winter, the cold water is heated by the return heating water in VS01-VVX2.  

Looking at the two district heating heat exchangers, it can be noted that the return water from the 

lower HE can flow to the upper HE since the temperature is high enough to heat the heating water. 

Before the inlet to the heat pumps, six accumulator tanks are connected in parallel storing heated 

water. In this way, heated water can be circulated in the systems without the heat pump being in 

operation. There is a separate buffer tank pump. The water enters the heat exchanger in the heat 

pumps and then pumped out from the heat pump following the same procedure as described when 

Figure 15. Flow chart of heating system 011 
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the heat pump is in operation. The hot water circulation line is heated by district heating in the heat 

exchanger “”VV01-VVX1”, Figure 15.  

Table 6. Measurements points. 

Component - 011 Quantity Measurement name Monthly 
data 

SCADA 

Compressor + internal 
circulation pumps [kWh] 

Electricity  EL01-GQ41 + EL01-GQ42 +  
EL01-GQ43 

X X 

Source side pumps, 
control unit, AUX device 
[kWh] 

Electricity  EL01-GQ44 X X 

Heat from HP [kWh] Thermal 
energy  

VS01-GQ41 X X 

Heat from district heating 
[kWh] 

Thermal 
energy  

FV01-GQ41 X X 

Domestic Hot Water 
production (DHW) [kWh] 

Flow meter VV01-MF41(1h) X X 

Mean secondary fluid exit 
temperature from the 
evaporator [C] 

Temperature GT44A GT44B  X 

Mean secondary fluid 
inlet temperature to the 
evaporator [C] 

Temperature GT43  X 

Mean water temperature 
to/from the condenser [C] 

Temperature VS01-
GQ41-GTR 

VS01-
GQ41-GTF 

 X 

Outdoor air temperature Temperature UC01-GT31  X 

District heating 
temperature 

Temp FV01-GQ41-GTR.F , 5 min 
 

 X 

District heating flow rate Flow rate FV01-GQ41  X 

 

The energy components and KPIs with the available measurement points are listed in Table 6. The 

measurements have been automatically logged during a year from April 9th 2018 to April 9th 2019. The 

electricity, thermal energy meters and flow meters are sampled every hour and the temperatures 

every five minutes. The electricity meter installed was model “EM24-DIN” by Carlo Gavazzi. The device 

is in accuracy class B (EN50470-3) with the accuracy of 1% (EM24, 2019). The energy meters for district 

heating and heat pumps have not been identified, it will be assumed that they are the same as the 

ones installed in 027-levnadsteckningen.  

The flow rate meter for the energy meters was logged separately. The difference between the 

calculated flow rate and the measured flow rate was 0,48%. The logged flow rate in SCADA was from 

2018-04-08 to 2018-12-04 logged in the unit 10*m3/h thus scaled with a factor 10. The displayed value 

then changed to m3/h for the rest of the period.  
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5.1.3 Borehole 

It is believed that there exists eleven previously commissioned boreholes, drilled in the 1970s. The 

depth of the boreholes is unknown. In 2011, five more boreholes were drilled to a depth of 250 m 

according to “SGU brunnsarkiv”, with 1 meter to the rock. The borehole map provided by the 

environmental department of Stockholm does only include the five boreholes drilled in 2011. The 

obligation to report drilled borehole is ruled by the two Swedish laws SFS 1975:424, SFS 1985:245 

which were probably not in force when the first boreholes were drilled.  
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5.2  027– LEVNADSTECKNINGEN  

5.2.1 Buildings 

There are seven multi-family residential buildings with a total of 108 apartments which are included in 

area 027. The total area (BOA+LOA) is 5798 m2 and the buildings were built in 1945. One of the address 

of the buildings is Montörvägen 10, Bromma in Stockholm. The buildings are connected to the district 

heating network.  

 

5.2.2 Heat pump/heating system 

 

The heating system solution for this system consist of GSHP and district heating. The GSHP-system was 

installed in 2011. The buildings were connected to the district heating network prior to the installation 

of the GSHP system. The system consists of two IVT Greenline F70 (70kW), rated electric power rating 

is 26,9 kW. The third heat pump is model F55 (55kW) with an electric power rating of 21,6 kW. 

Figure 16. Buildings that are part to Levnadsteckningen. 
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The system components and the SPF boundaries are illustrated in Figure 17.  

 

 

 

 

Figure 18. Heat pump connections of secondary fluid pipes to main line. The top of the heat pumps can be 
seen in the photo.  027 

Figure 17. SPF boundaries – 027. Three heat pumps with district heating (DH) as backup heater. 
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There are valves that can manually be closed at each heat pump, restricting the flow from the 

horizontal main line shown in Figure 18. The temperature sensors for the secondary fluid are located 

inside the heat pumps.  

 

The three heat pumps run in parallel to provide warm water for both heating and DHW, Figure 19. As 

can be seen, there is no external secondary fluid circulation pump, each heat pump has two internal 

circulation pumps for the secondary fluid and heating water. The start/and stop sequence of the heat 

pumps is controlled to equalize the hours of operation for each heat pump. As can be seen in the 

schematics the pipes from the heat pumps are connected to a main line with the heat for the rest of 

the heating system (UC).  

Table 7. Nominal flow rates and internal heat sink pumps for F55 and F70 (IVT, 2006). 

Model F55 F70 

Nominal flow rate heat sink [l/s] 1,4 1,73 

Heat sink pump model Wilo-TOP-S 50/10 Wilo-TOP-S 50/15 

 

According to the information sheets for the heat pumps, the nominal flow rates and the internal 

circulation pumps models are listed in Table 7.  

Figure 19. Heat pumps flow chart.  
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Table 8. Power consumption and pressure head at nominal flow rates for the internal heat sink pumps according to heat pump 
manufacturer at different speeds (IVT, 2006).   

Heat pump model min 
[W] 

Min 
[kPa] 

Medium 
[W] 

Medium 
[KPa] 

Max 
[W] 

Max 
[KPa] 

F-55 - - 175 16 190 39 

F-70 - - 360 51 375 71 

  

The power consumption for the internal circulation pumps and induced head pressure at nominal flow 

rate is listed for each speed and model in Table 8. The internal circulation pumps are the only pumps 

on the source side secondary fluid circuit in the GSHP system 027. All four pumps can be set to three 

different rotational speeds, which will be referred to as min, medium, max.  

The total energy consumption of the internal circulation pumps for all three heat pumps running at 

constant medium speed during a year is 7,8 MWh at 895 kW.  

 

The heating water from the condensers enters the remaining of the heating system shown in the lower 

left of the schematics of the mechanical room titled as “KV01”, Figure 20. KV is the abbreviation of cold 

water in Swedish and is therefore not correct. The difference in system layout compared to 011, Figure 

15, is that there are eight accumulator tanks connected in series in this system instead of six.  

Since there exists an external circulation pump VS01-P2, it will be assumed that the G2 pumps are 

working at the power equivalent to the lowest possible rotational speed at nominal flow rate which is 

Figure 20. Flow chart of heating system 027 
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medium in Table 8. The total energy for the G2 pumps (water heating internal circulation pumps) for 

the two F70 and G2 for the F55 is then calculated to be 7,8 MWh.  

     Table 9. Measurement points - 027 

Component - 027 Quantity Measurement name Monthly 
data  

SCADA 

Compressor + internal 
circulation pumps 
[kWh] 

Electricity  El01-GQ41 + El01-
GQ42 + El01-GQ43 

X X 

Source side pumps, 
control unit, AUX device 
[kWh] 

Electricity  EL01-GQ44 X X 

Heat from HP [kWh] Thermal 
energy  

VS01-MF41 X X 

Heat from district 
heating [kWh] 

Thermal 
energy  

FV01-GQ41 X X 

Flow rate district 
heating [m3/h] 

Flow meter  FV01-GQ41 M3   

Direct Hot Water 
production (DHW) 
[kWh] 

Flow meter VV01-MF41 X X 

Secondary fluid exit 
temperature from the 
evaporator [C] 

Temperature GT44  X 

Secondary fluid inlet 
temperature to the 
evaporator [C] 

Temperature GT43  X 

Inlet/ Exit water 
temperature from the 
condenser [C] 

Temperature VS01-GQ41-GTF  
VS01-GQ41-GTR 

 X 

Outdoor air 
temperature 

Temperature UC01-GT31  X 

District heating 
temperature 

Temperature FV01-GQ41-GTF 
FV01-GQ41-GTR 

 X 

 

The energy components and KPIs with the available measurement points are listed in      Table 9. The 

SCADA measurements have been automatically logged during a year from April 9th 2018 to April 9th 

2019. The electricity, thermal energy meters and flow meters are sampled every hour and the 

temperatures every five minutes. Monthly data is available for a certain measurements points from 

2012 that has been manually recorded by the technicians,      Table 9.  
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The installed hot water circulation pump (VVC1-P1) is a MAGNA 32-120 FN by Grundfos. The pump is 

of variable speed type and can provide 12 m water column pressure. The minimum power input is 25 

W and the maximum is 430 W. There is an auxiliary device, Grundfos R100, to the pump that is able to 

display the measurements that are continuously made in the pump. By using R100, the operating point 

of the pump can be identified. A site visit to the facility revealed that the installed  circulation pump 

on the heating system (VS01-P1) is a Grundfos 65-120 /F. Maximum power of 900W. Measurement on 

site with R100 showed that the pressure head was 8.4 m with 23 m3/h flow rate. The accumulated 

power consumption of the pump was also found with the R100, Figure 21.  

Table 10. Measurements with R100 on HWC pump and heating system pump. 

Parameter  VVC1-P1 VS01-P1 

Pressure head 7,1m 8,4 

Flow rate <2 m3/h 23 m3/h 

Speed 2750 /min 2350 /min 

Power input  185W 854W 

Power consumption 12143 kWh 45410kWh 

Operating hours  68304 h  85672 

Mean annual power 
consumption 

1557 kWh 4643 kWh 

The values that were measured on site 16/4/2019 are listed in Table 10 .  

 

Figure 21. Measurements with Grundfos R100. 
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The energy meter used for VS01-GQ41 is the model “HEAT 1” by Ambiductor with an accuracy 

classification of class 2 according to DIRECTIVE 2014/32/EU. The instruction manual states that there 

are no requirements on straight pipes up or downstream of the meter. The energy meters use an 

ultrasonic flow meter. The nominal flow rate (qp) is 15 m3 /h. The lower limit of the temperature 

difference for the meter to function is 3K (ambiductor HEAT 1, 2019), Figure 22. The temperature 

meter is a PT500 made by Jumo. The model is 902438/30 / 535074.  The standards tolerance class 

cording to EN 60751 is class B (JUMO). The district heating thermal energy meter for FV01-GQ41 has 

minimum temperature difference of 3 K. The nominal flow rate is 15 m3/h. It is rated at class 2 to 

according to EN 1434.  

 

 

 

 

 

 

 

 

 

The electricity meter installed was model “EM24-DIN” by Carlo Gavazzi. The device is in accuracy class 

B (EN50470-3) with the accuracy of 1% (EM24, 2019), Figure 23 .  

 

5.2.3 Borehole 

The borehole fields consist of 21 boreholes with an active depth of 250 m. The total single pipe length 

of one borehole is thus 500m. The boreholes were drilled in the inner courtyard with a tilt, Figure 24.  

The borehole field was designed with the help of simulation in EED to simulate the performance. The 

secondary fluid is 28% bioethanol. The collector is of single u type and has the outer diameter of 40 

mm with 2,4 mm thickness (Bengtsson, 2011).  

Figure 23. Electricity meter. EM24-DIN 

Figure 22. Table 14. Energy meter VS01-GQ41. Area 027 
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The borehole field was designed based on several simulations with 21 and 28 boreholes, full and partial 

load, with and without tilt of the boreholes and also with the incorporation of recharging with district 

heating. The full load was estimated to be 862,5 MWh from ground (1241 MWh demand) with 149 

MWh of DHW (Incoord Installationscoordinator AB, 2011). The partial load is 755,529 MWh from the 

ground (1087 MWh demand), 130 MWH of DHW. The SPF has been estimated to be 3,4 for space 

heating and 2,6 for DHW (130 MWh) (Incoord Installationscoordinator AB, 2011). Several 

configurations were tested in 2011 during the design phase, Full load/partial load, tilt/no tilt and 21/28 

boreholes. Since the actual system is 21 boreholes with tilt, only the full load/partial load scenarios will 

be compared to the measured data.  

The input parameters for the EED simulation made in 2011, Annex 3. The input parameters have been 

presented in a more concise form than the available documentation which consisted of the result 

document created in EED. Based on the input parameters of the SPF for space heating being 3,4 and 

DHW being 2,6 in EED, the system was designed to achieve a SPFH1 of 3,3.  

 

 

 

 

 

 

Figure 24. Coordinates of the middle of each borehole – 027 [m].  
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The results from the EED simulation made in the design phase of the project are shown in Figure 25.  

It is assumed that the internal circulations pumps in the heat pumps runs at Max speed, Table 8. The 

total annual energy consumption for the three G3 pumps would then be 29,9 MWh.  
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Figure 25. Simulated mean secondary fluid temperature [C] (left axis) and base load specific heat extraction [W/m] 
(right axis) in 2021. 
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5.3 249 – VIKTEN  

5.3.1 Buildings 

The two multi-family residential buildings with a total of 30 apartments and a total area of 2238 m2 

was built in 2010. There were previously no building on the lot. They are located at “Gustav III väg 42” 

in Bromma, Stockholm. The buildings are not connected to the district heating network.  

  

The radiators are designed having a supply temperature of 55° C and return temperature of 45 °C at 

the lowest outdoor temperature.  

5.3.2 Heat pump/heating system 

 

The heat for the building is provided by two heat pumps along with three resistance electric heaters.  

The SPF boundaries are depicted in Figure 27.  

Figure 27. SPF boundaries - 249 

Figure 26. One of the two buildings that Vikten consists of.   
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The heat pumps preheat the water which is diverted into either the heating system (VS01) or the DHW 

system (VV01),Figure 28. The installed heat pumps are of the model F1330, 40 kW by Nibe. Heat pump 

1 (VPU1 in schematics) is the master which controls heat pump 2 (VPU2). VPU2 does exclusively 

produce DHW according to the schematics. Each heat pumps consists of two compressors. The heat 

pump can provide hot water at 65 C. The required power demand and supplied heat at the different 

temperatures are measured in accordance with EN 255 and EN 14511. The nominal flow of the water 

is 2 x 0, 45 l/s according to EN255 stated by the manufacturer. The power consumption by the internal 

circulation pumps on heating side is 340 W according to data sheets. The annual power consumption 

assuming constant operation is 5957 kWh at 680 W.  

Figure 28. Flow chart of heat pump 
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After the heat pumps, the water can be further heated by electric resistance heaters. The schematics, 

Figure 29, shows that there is one electric resistance heater at the heating side which is of the model 

EP42 (42kW) by Nibe. It supports the heat pumps if needed to provide enough of heating.  

On the DHW side, there are two coil tanks which are also electric resistance heaters for DHW, model 

VPB 1000 by Nibe. They differ from EP42 since the heating water from the heat pump runs in a coil 

within the tank to heat up the water while there is the electric resistance heater to provide additional 

heating. The power of each unit is 9 kW. No information of the installed meters is available.  

Table 11. Measurements points - 249 

Component  Quantity Measurement name Monthly 
data 

SCADA 
 

Heat pump 1 Electricity HP1-E X X 

Thermal 
energy 

MQ43 X X 

Temperature MQ43-TS MQ43-TR  X 

Flow rate MQ43-F  X 

Heat pump 2 Electricity HP2-E X X 

Thermal 
energy 

MQ44 X X 

Temperature MQ44-TS MQ44-TR  X 

Flow rate MQ44-F  X 

Figure 29. Schematics of heating system. 
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Electric 
resistance 
heater  

Electricity ELP1   

Coil tank 1  Electricity EL01 X  

Coil tank 2  EL02 X  

Domestic Hot 
Water 
production 
heat pumps 
[kWh] 

Thermal 
energy  

MQ45 X X 

Temperature MQ45-TS MQ45-TR  X 

Flow rate VS01-MQ45-GQ41 M3  X 

Heating water 
House 1 

Thermal 
energy 

VS01-MQ41  X 

Temperature MQ41-TS MQ41-TR  X 

Heating water 
House 2 

Thermal 
energy 

VS01-MQ42  X 

Temperature MQ42-TS MQ42-TR  X 

Secondary fluid 
exit 
temperature 
from the 
evaporator [C] 

Temperature HP1-
GT41 

HP1-
GT42 

HP2-
GT41 

HP2-
GT42 

 X 

Secondary fluid 
inlet  
temperature to 
the evaporator 
[C] 

Temperature HP1-GT43 HP2-GT43  X 

Outdoor air 
temperature 

Temperature AS01-GT31  X 

 

The energy components and KPIs with the available measurement points are listed in Table 11.  The 

measurements have been automatically logged during a year from April 9th 2018 to April 9th 2019. The 

electricity, thermal energy meters and flow meters are sampled every hour and the temperatures 

every five minutes.  
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Every installed thermal energy meter is of model PolluStat by Armatec. The minimum temperature 

difference is 3 K. It is rated for class 2. The nominal flow rate (up) is 15 m3 /h, the minimum flowrate 

(qi) is, 15 m3/h and the maximum flow rate (qs) is 30 m3/h. Pt500 is used as the temperature sensors, 

Figure 30. Thermal energy meter used for heat pumps. MQ43 in this picture. 

The temperature meter for VV01-GT41 is a PT 1000, model TEAT by Produal. It is rated for tolerance 

class B according to EN 60751 (PRODUAL, 2013). The electricity metes are of model “EM24-DIN” by 

Carlo Gavazzi. The device has accuracy class B (EN50470-3) with the accuracy of 1% (EM24, 2019).  

 

 

 

 

 

 

 

 

Figure 30. Thermal energy meter used for heat pumps. MQ43 in this picture. 
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The hot water circulation pump is of model UPS 25-60 N 180 with a power rating at 70 W at the selected 

speed which was set at maximum of three out of three, Figure 32.   

 

Figure 32. HWC pump, VVC1-PV1. The speed settings is shown on the left. Power ratings for each speed is shown on the 
right figure.  

Figure 31. On site data collection of power consumption using the 
unit R100. 
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The external heat sink pump (VS01-PV1) is a Grundfos Magna 32-12 with a power rating ranging 

between 25W and 430W. The pump operating point was identified using the R100, Figure 31.  

Table 12. Measured data using R100. 

Parameter  VS01-PV1 

Pressure head 5,7m 

Flow rate 5,4 m3/h 

Speed 2500 /min 

Power input  199W 

Power consumption 6132 kWh 

Operating hours  59614 h 

Mean annual electricity consumption 901 kWh 

 

5.3.3 Borehole  

There are nine boreholes, each with an active depth of 210 meters that are located at the parking area.  

Table 13. Borehole coordinates and geometry - 249. 

 

 

 

 

 

 

 

 

 

The coordinates of the boreholes and geometric information is listed in Table 13 .  

 

borehole 
number 

X-coordinate Y-coordinate length Direction clockwise,  
north=0 degrees 

tilt 
degrees 

1 146695,456 6579723,963 210 255 3 

2 146683,259 6579739,818 210 0 0 

3 146686,276 6579746,865 210 325 13 

4 146697,23 6579754,185 210 0 0 

5 146691,979 6579756,01 210 353 13 

6 146693,19 6579754,222 210 40 13 

7 146701,283 6579741,143 210 52 13 

8 146710,702 6579729,377 210 66 13 

9 146706,137 6579734,933 210 0 0 
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The coordinates at half the length of each boreholes is shown in Figure 33. The diameter of the 

borehole is 114,3 mm. The collector pipe is single U pipe with 40 mm outer diameter and 2,4 mm 

thickness. The pipe distance is expected to be 60 mm. The secondary fluid contains 25% ethanol.  

The calculated coordinates of half the borehole length is listed in. EED suggested a U-configuration of 

3x4 boreholes [#104] with a spacing of 13,82 m based on the irregular geometry of the borehole field. 

The input parameters for the EED simulation made in 2011 are listed in Annex 3. 

Table 14. Simulated mean secondary fluid temperature with EED in 2010 during design of borehole field. 

 

 

 

  

 

 

 

 

 

 

 

The borehole field was designed based on simulation performed with EED. The simulated mean 

secondary fluid temperature for 2018-2019 is listed in Table 14.  

 

 

Month Mean secondary  
fluid temperature - EED 

mar-18 0,07 

apr-18 1,03 

maj-18 2,37 

jun-18 4,85 

jul-18 5,02 

aug-18 5,12 

sep-18 2,89 

okt-18 1,84 

nov-18 0,63 

dec-18 -0,50 

jan-19 -2,86 

feb-19 -2,91 

mar-19 -0,10 

Figure 33. Borehole field - 249 
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6 Results and discussion 

 

In this section the results and the discussion regarding the findings will be presented.  

6.1 011 – LILLSJÖBACKEN/ÖSTAN 

6.1.1 Part I – Heating demand and operation 

 

The normal corrected heating demand of the building is shown in Figure 34.   

The ratio of heat pump to total energy used was reduced significantly in 2013-2015, Figure 35.  
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Figure 34. Heating demand normal corrected - 011 
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Figure 35. Heating demand and heat pump ratio - 011 
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Heat pumps VPU2 and VPU3 were completely shut off in 2014 and 2015 and were run to small extent 

in 2013 and 2016. This action was done in order to reduce the heat extraction from the boreholes in 

for the temperature in the ground to recover. This explains the large reduction of heat pump ratio in 

2013-2016 in Figure 35. They were partly used in 2016, Figure 36.  

Table 15. Operating log for the GSHP system.  

Date Note 

8/1-13 Low pressure alarm on one HP 

31/1-13 Low pressure alarm 

4/3-13 LP alarm, -2C on source side. Minimum value is -
8 C.  

21/3-3 LP alarm 

3/4-13 LP alarm 

2/5-13 LP alarm 

3/6-13 LP alarm 

7/10-13 Frozen (borehole). Only VPU1 

23/2-15 VPU1 was turned off due to the sound levels in 
the apartments. 

2/3-15 VPU1 turned on 

31/10-15 VPU2 low pressure alarm 

 

A few selected notes from the operating log are listed in Table 15.  

Having district heating as the backup heat shows its benefits during compressor breakdown. It is a 

good option to add as backup heaters instead of electric heaters as was shown in the case of GSHP 

system 011. District heating can also be very flexible and one can alter the power requirement at a 

cost. It also poses an interesting solution when the boreholes have become too cold. One could install 

a heat exchanger and recharge the boreholes with district heat during. The district heating company 

does also pay the customer if the return temperature can be lowered which it will be if recharging of 

boreholes is performed. The energy cost will however be higher, but this might be an economically 

profitable solution having warmer boreholes in the winter or to avoid standstills as was the case with 

site 011.  
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The Ice formation on the circulation pump of the secondary fluid suggests low secondary fluid 

temperatures, Figure 37.  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 37. Secondary fluid pump - 011 
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6.1.2 Part II – Detailed analysis 

In this part a more detailed analysis is performed.  

Table 16. Results part II 

Energy component Manual measurements SCADA [kWh] 

2012 2013 2014 2015 2016 2017 2018 2018-2019 Uncertainty % 

Electricity Compressor [kWh] - - - - - - - - 
 

  

Electricity Compressor + internal 
circ. pumps [MWh] 

214 171 76 79 152 207 180 179263 1793 1,0% 

Electricity external secondary 
fluid pumps + control unit 
[MWh] 

3,8 3,5 2,9 2,6 2,6 4,2 9,0 10995 110 1,0% 

Electricity Internal heat sink 
pumps [MWh]* 

5,8 2,6 1,4 2,3 4,4 5,5 4,9 5176 0 - 

Electricity external heat sink 
pumps [MWh] 

- - - - - - - - - - 

Delivered heat from heat pump 
[MWh] 

684 306 164 273 515 651 574 608989 52706 8,7% 

Delivered heat from district 
heating [MWh] 

492 562 783 771 589 448 459 306159 10945 3,6% 

Delivered heat DHW production 
[MWh]** 

262 140 141 149 130 130 138 157849 - - 

Total delivered heat [MWh] 1176 868 947 1044 1104 1099 1033 915148 53830 5,9% 

Temperature (Normalized)- 
Secondary fluid inlet to 
evaporator [°C] 

- - - - - - - 0,8 - - 

Temperature (Normalized) - 
Secondary fluid outlet  from  
evaporator [°C] 

- - - - - - - -1,8 - - 

Temperature (Normalized) - 
Mean secondary fluid  [°C] 

- - - - - - - -0,5 - - 

Temperature (Normalized) - 
Heating water supply from 
condenser [°C] 

- - - - - - - 44,4 - - 

ERT [h] 5703 2547 1364 2272 4291 5421 4785 5074,9 - - 

SPFT 
       

6,9 - - 

SPFH1* - - - - - - - - - - 

SPFH2  3,23 1,78 2,12 3,44 3,42 3,16 3,12 3,3 0,287 8,7% 

SPFH3  1,67 1,18 1,10 1,23 1,49 1,68 1,61 1,9 0,12 6,5% 

SPFH4  - - - - - - - - - - 

nSPFT,H1 - - - - - - - - - - 

nSPFT,H2 - - - - - - - 0,48 0,04 8,7% 

SPFH1PE  - - - - - - - - - - 

SPFH2PE 2,02 1,11 1,33 2,15 2,14 1,97 1,95 2,1 0,18 8,8% 

SPFH3PE 1,42 1,04 1,04 1,16 1,33 1,41 1,37 1,5 0,14 9,5% 

SPFH4PE - - - - - - - - - - 
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The estimated power consumption of the internal circulation pump for the heating system is 5176 kWh 

when it runs according to the ERT hours listed in Table 16. This energy has been subtracted from 

“Compressor + internal circ. pumps [MWh]” when calculating SEPEMO H2 and H3 boundaries.  

 

Figure 38 shows the SPF for the GSHP systems. The SPFH2 were lowest in 2013 which was before VPU2 

and VPU3 was shut off. This could be due to the fact that the temperature in the boreholes was at its 

lowest at that point. Interestingly, the SPFH2 recovers already in 2015 to perform better than 2012. 

Table 17. Energy fraction of heat pump- 011 

Energy fraction - heat demand [-] 

Month Mean 

Jan 0,11 

Feb 0,10 

may 0,09 

Apr 0,08 

Maj 0,08 

Jun 0,05 

Jul 0,03 

Aug 0,04 

Sep 0,07 

Oct 0,08 

Nov 0,13 

Dec 0,13 

 

Figure 38. SPF by year.  
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Mean of the heating fraction from the heat pump for the year 2013 and 2016-2018. The other years 

had months without operation which affected the fraction.  

The power signatures allow an understanding of the behavior without needing to know the schematics 

and the control strategies of the system. It can also be used to verify that the heat pumps operate 

according the control schedule. It is an efficient way of understanding the behavior of the system.   

 

By analyzing the provided heat from heat pump and backup heater one can observe how the system 

operates. One can observe that during the winter the heat pumps provide the base load. In the 

summer, the absolute majority of the heating demand is provided by the heat pump, Figure 40.  

 

Figure 39. Power signature from heat pump and backup heater plotted by outdoor temperature. 

Figure 40. Heat from heat pump and backup heater plotted by date. 
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The secondary fluid temperature is normalized based on compressor power. If thermal meters were 

installed either on the source side or the heat sink side, the mean hourly power from these readings 

would be better to use. Now it is assumed that the provided heat is linear with compressor power 

which it is not since the compressor power depends on a number of variables. The arithmetic mean 

secondary fluid outlet temperature is 1,41 °C. The normalized temperature “Secondary fluid, outlet - 

Normalized” is -1,8 °C.  

Site 011 shows the importance of properly designed borehole field exchangers to avoid cold boreholes 

and the problems that may occur when adding heat pumps to existing boreholes and adding more 

boreholes. Even if the SPF decreases with lower ground temperature, the biggest problem that might 

occur is that the heat pumps cannot run at all at the temperature of the secondary fluid. Then it 

becomes an operational problem in addition to an energy efficiency problem. It can be seen that the 

SPFH2 decrease to 1,78 in 2013 for 011. If an electric heater were to be used as backup heater with 

the COP and SPF of 1, it would still be better from an environmental and economical point of view to 

run the heat pumps. But if the secondary fluid temperatures became too low, this might not be 

possible at all during period with large heating demand. The heat pump should run as much as possible 

since it is the saving from using the heat pumps compared to other energy sources that should pay for 

the drilling, installation and maintenance of the GSHP system. The heat pump fraction is therefore an 

important KPI to monitor over time.  

 

 

 

Figure 41. Secondary fluid temperatures. 
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Figure 42. Heating water temperatures and compressor power by date. 

The heating water temperatures along with the power consumption of the heat pump is shown in 

Figure 42. The mean heating water supply temperature is 46°C and when normalized the temperature 

is 45°C. It can be concluded that the heat pump for the most part of the year operates at the same 

temperature on the condenser. Having the heat pump operate at floating condensing temperature 

would increase the performance of the heat pump and increase the SPF if only space heating was 

supplied.  
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6.2 027 – LEVNADSTECKNINGEN 

6.2.1 Part I – Heating demand and operation 

The heating demand is shown in Figure 43 for levnadsteckningen 

The heat pump ratio was high until 2018 when it decreased significantly, Figure 44. This was caused by 

a sudden reduction of VPU1, Figure 45. All the heat pumps have had similar electricity consumption. 

There was a large reduction of electricity use by VPU1 in 2018.  The operation log dated back to late 

2018 and therefore contained no information regarding VPU1.    
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Figure 45. Electricity consumption compressors - 027 
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6.2.2  Part II – Detailed analysis 

 

Table 18. Key performance indicators. 

Energy component Manual measurements SCADA [kWh] 

2012 2013 2014 2015 2016 2017 2018 2018-
2019 

Uncertainty % 

Electricity - Compressor [kWh] - - - - - - - - 
 

  

Electricity - Compressor  + 
internal circ. pumps [MWh] 

332 339 349 358 327 328 230 223586 2235,9 1,0% 

Electricity -  Tank pumps + 
control unit [MWh] 

6,29 3,84 4,16 4,93 5,37 6,57 11,96 13703 137,0 1,0% 

Electricity - Internal heat sink 
pumps [MWh]* 

4,70 4,69 4,61 4,71 4,56 4,49 2,49 2485,1 - - 

Electricity - External heat sink 
pumps 

- - - - - - - 6137 61,4   

Delivered heat - Heat pumps 
[MWh] 

1023 1022 1003 1026 994 977 541 - -   

Delivered heat - District heating 
[MWh] 

288 224 149 151 275 261 462 427310 14631,7 3,4% 

Delivered heat -  DHW 
production [MWh]* 

174 185 184 173 187 182 147 219331 
 

  

Delivered heat - Total delivered 
heat [MWh] 

1311 1246 1152 1177 1270 1238 1003 - 
 

  

Temperature (Normalized)- 
Secondary fluid inlet to 
evaporator [°C] 

- - - - - - - 2,7 
 

  

Temperature (Normalized) - 
Secondary fluid outlet  from  
evaporator [°C] 

- - - - - - - 0,6 
 

  

Temperature (Normalized) - 
Mean secondary fluid  [°C] 

- - - - - - - 1,6 
 

  

Temperature (Normalized) - 
Heating water supply from 
condenser [°C] 

- - - - - - - 45,0 
 

  

ERT [h] 5246 5242 5146 5261 5100 5012 2777 - 
 

  

SPFT 
       

7,2 
 

  

SPFH1* - - - - - - - - 
 

  

SPFH2  3,12 3,05 2,92 2,91 3,08 3,02 2,38 - 
 

  

SPFH3  2,11 2,21 2,32 2,31 2,11 2,09 1,43 - 
 

  

SPFH4  - - - - - - - - 
 

  

nSPFT,H1 
       

- 
 

  

nSPFT,H2 
       

- 
 

  

SPFH1PE  
       

- 
 

  

SPFH2PE 1,91 1,89 1,80 1,79 1,90 1,85 1,41 - 
 

  

SPFH3PE 1,59 1,63 1,63 1,63 1,59 1,57 1,19 - 
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SPFH4PE - - - - - - - -     

 

The calculated power consumption for the internal circulation pump on the heating side is 2485 kWh. 

The mean “Heat from HP” is 941 MWh. The mean extracted heat from the ground is 617 MWh. The 

mean SPFH1 is 2,91.  

The SPF fluctuates around 3 and reduces in 2018 as expected due to problems with VPU1.  

 

Table 19. Energy fraction of heat pump- 027 

Energy fraction - heat demand [-] 

Month Mean 

Jan 0,13 

Feb 0,12 

may 0,12 

Apr 0,09 

Maj 0,07 

Jun 0,03 

Jul 0,03 

Aug 0,03 

Sep 0,05 

Oct 0,09 

Nov 0,11 

Dec 0,13 

 

Figure 46. SPF by year. 
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The mean monthly heating fraction for the heat pump is listed in  Table 19.The SCADA data shows that 

the thermal energy meter for the heat pumps were not registering values for most of the year. The 

electricity meter for each heat pump were however functioning.  

The power consumption by the three heat pumps is shown in Figure 47. The lower power consumption 

and thus low produced heat by heat pump 1 is shown by electric meter “EL01_GQ44”.  

Figure 47. Power consumption by the three heat pumps. 
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Calculated estimation of energy signature of heat pumps are based on the electricity consumption of 

the heat pump and the mean SPFH1.  

 

 

 

 

 

 

 

 

Figure 48. Estimation of the power signature. The mean SPFH1 of previous years was used to calculate heating power from 
compressor power.  

Figure 49. Estimation of the provided heat by date. The mean SPFH1 of previous years was used. 
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Calculations of the SCADA measurements shown in Figure 50,  the arithmetic mean secondary fluid 

inlet temperature is 7,18 °C. However, as can be seen in the chart this is not reasonable. During times 

when the heat pumps barely run, the temperature of the inlet and outlet of the secondary fluid in the 

evaporator reach more than 15 °C. It is also shown just before December 2018, the temperature rises 

when the compressor power is zero for a certain time. This is significantly more than the 6,6 °C which 

is the estimated undisturbed ground temperatures in Stockholm. The reason for this temperate 

increase is that the secondary fluid is heated by the air in the mechanical room when it is not circulating 

in the ground but is accumulated in the pipes.  

It is convenient to use the internal temperature sensors in the heat pumps to monitor the secondary 

fluid temperature but as is shown, the heating by the room air during standstill of a specific heat pump 

introduces problems. It is recommended to install one temperature sensor pair on the outlet and inlet 

of the main secondary fluid pipe in order to avoid having to filter the data for each heat pump when 

there is circulation in the boreholes. It also makes the evaluation easier having one temperature 

reading instead of one for each heat pump. Then the internal temperature sensors can be used as 

backup units or if a specific heat pump is of interest.  If all the heat pumps are off however and the 

there is no circulation in the boreholes, the same problem arises and filtering of the data is needed.  

The normalization corrects for this by weighting the temperature based on the relative power 

consumption. It should be noted though that this will benefit moments with high secondary fluid 

temperatures and high compressor power, such as in two cases in September. However, during the 

year this is a useful way to calculate the secondary fluid temperature more accurately. In comparison, 

the normalized secondary fluid temperature 0,6 °C which is much closer the temperatures during 

winter when the heat pump is mostly used.  

 

Figure 50. Secondary fluid temperatures.  



 

 
79 

 

 

As in the system 011 it can be concluded that the heat pump for the most part of the year operates at 

the same temperature on the condenser, Figure 51. Having the heat pump operate at floating 

condensing temperature and varying the temperature would increase the performance of the heat 

pump and increase the SPF.  

6.2.3  Part III – Evaluation of borehole  

The mean secondary fluid temperature fluid was simulated using the design inputs during the design 

phase. A borehole configuration based on the coordinates of half the length of the position of the 

drilled boreholes, Figure 24, was calculated in EED. The best matching configuration was a U-

configuration with 21 boreholes having a spacing of 13,4 meters. The mean secondary fluid 

temperature was simulated by varying the input parameters listed in 4.4.2 using the values in 6.2.2 

and the borehole configuration.  

The effect of the individually updated parameter on the temperature profile is shown in Figure 52. 

Figure 51. Heating water temperatures and compressor power by date. 

Figure 52. Simulated mean secondary fluid with the use of EED. 
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The simulated secondary fluid temperature from the two EED simulations ( using the measured mean 

of Delivered heat - Heat pumps [MWh] from Table 18) are compared with two temperature series the 

measured values. The “measured - minimum” is the minimum hourly temperature during an entire 

month. It is therefore influenced if there is a large peak load. The second “Measured – min last day” is 

the temperature of the hour with the lowest temperature on the last day of each month. It can be 

noted that the mean difference between the design and the updated parameters in EED in Figure 53 

is 0,8K. The mean difference between Measured- min and EED-updated is 1,4K. 

 

The results show that the largest difference between these two ways of filtering the temperatures is 

during the summer month. As previously discussed, the heating of the secondary fluid by the room 

temperature is what is causing the excessive temperature. By filtering on the minimum temperature, 

the point where the compressors are running does eliminate this issue. However, this causes the 

temperate profile to be not as smooth as the ones provided by EED.  

Figure 53. Temperature difference between the different EED-calculations and the measured temperatures 
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6.3 249 – VIKTEN   

6.3.1 Part I – Heating demand and operation 

 

The normal corrected heating demand is almost constant between 2013-2018, Figure 54.  

 

 

The GSHP systems almost covered the entire heating demand with the heat pump in 2012 and 2013. 

Thereafter the energy ratio of the heat pumps was reduced significantly from 2014, Figure 55. The 

reduction was partly caused by malfunction of the built in control equipment of heat pump 1 (VPU1) 

which supported by Figure 56.  
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Figure 54. Heating demand normal corrected - 249 

Figure 55. Heating demand and heat pump fraction - 249 
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VPU1 had reduced electricity consumption in 2014, Figure 56. A can be seen, also VPU2 has a 

reduced consumption after 2014. Since VPU2 only produces DHW, this must  
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6.3.2 Part II – Detailed analysis 

 

Table 20. KPIs part II. 

  
Energy component 

Manual measurements SCADA 2018-2019 [kWh]   

2012 2013 2014 2015 2016 2017 2018 HP1 HP2 Total U % 

Electricity - Compressor 
[kWh] 

       
      

  

Electricity - Compressor + 
internal circ. pumps [MWh] 

108 105 76 72 70 80 83 51056 35082 86138 861,4 1,0% 

Electricity - Internal heat 
sink pumps [MWh] 

2,7 2,7 1,9 1,8 1,7 1,9 2,0     2081 - - 

Electricity - External heat 
sink pumps [MWh] 

15,1 15,1 15,1 15,1 15,1 15,1 15,1     1514 15 1,0% 

Electricity - Electric heater 
[kWh] 

3,9 5,2 5,3 45,7 113,6 84,3 56,0     83050 14778 17,8% 

Electricity - Coil tank 1 EL01-
GQ45 

1,3 1,2 43,1 25,3 1,4 3,0 4,9     3149 31,5 1,0% 

Electricity - Coil tank 2 EL01-
GQ46 

2,3 2,2 55,2 28,4 1,6 4,8 6,9     3790 37,9 1,0% 

Delivered heat - Heat 
pumps [MWh] 

315 314 223 214 200 221 231 126259 118520 244779 9098 3,7% 

Delivered heat -  DHW 
production [MWh]* 

207 210 306 217 237 193 168     168869 
  

Delivered heat - Total 
delivered heat [MWh] 

323 322 326 314 316 313 299     334768 17354 5,2% 

Temperature (Normalized)- 
Secondary fluid inlet to 
evaporator [°C] 

- - - - - - - -* 4,7 8,7 
  

Temperature (Normalized) - 
Secondary fluid outlet from  
evaporator [°C] 

- - - - - - - 5,0 0,9 3,3 
  

Temperature (Normalized) - 
Mean secondary fluid  [°C] 

- - - - - - - - 2,8 6,0 
  

Temperature (Normalized) - 
Heating water supply from 
condenser [°C] 

- - - - - - - 58,2 40,5 51,0 
  

ERT [h] 3941 3923 2784 2681 2496 2768 2888     3060 
  

SPFT 
       

6,2 7,9 6,8 
  

SPFH1  
       

    - 
  

SPFH2  3,0 3,1 3,0 3,0 2,9 2,8 2,8 2,5 3,5 2,9 0,1 3,9% 

SPFH3  2,9 2,9 1,8 1,8 1,7 1,8 2,0     1,9 0,2 9,9% 

SPFH4  2,5 2,5 1,7 1,7 1,6 1,7 1,8     1,9 0,2 9,8% 

nSPFT,H1 - - - - - - -     - 
  

nSPFT,H2 - - - - - - - 0,41 0,44 0,43 0,02 3,9% 
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SPFH1PE  - - - - - - -     - 
  

SPFH2PE 1,9 1,9 1,9 1,9 1,8 1,8 1,8 1,5 2,1 1,8 0,07 3,9% 

SPFH3PE 1,8 1,8 1,2 1,2 1,1 1,2 1,3     1,2 0,12 9,9% 

SPFH4PE - - - - - - -     1,2 0,12 9,8% 

* Unreliable measurement data.  

The estimated power consumption by the internal heat sink circulation pump is 2081 kWh with the 

running hours of ERT.  

 

In order to reduce the uncertainty of measurements error, it should be a priority to use electric meters 

when possible instead of having to calculate the energy from different thermal energy meters with 

larger uncertainties which was needed for the electric resistance heater in Levnadsteckningen. The 

uncertainty was calculated to 17,8% compared to 1% if an electric meter would be used, Table 21 . In 

this case there was actually an energy meter installed but not connected to the SCADA system. A 

solution to this if the problem was known beforehand would be to do a site visit and read the value 

manually at the start and end of the measurement period.  

Table 21. Energy fraction for heat pump- 249 

Energy fraction - heat demand 

Month Mean 

Jan 0,14 

Feb 0,12 

Mar 0,10 

Apr 0,07 

May 0,06 

Jun 0,04 

Jul 0,03 

Aug 0,03 

Sep 0,06 

Figure 57. SPF by year. 
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Oct 0,10 

Nov 0,12 

Dec 0,13 

 

The mean monthly heating fraction for the heat pump is listed in Table 21.  

The temperature level that the heat pumps are working at on the condenser side is shown in Figure 

58. The hourly average temperature on the return and supply side of the heating system to heat pump 

2 is shown in along with the mean heating power. The power is constant at stages.  

When looking at daily means, new information can be identified. The heat pump provides little heating 

power but have large temperature levels. This suggests that DHW is produced between April 2018 and 

September since the temperatures are higher than the temperature of the heating system.   

Heat pump 1 seem to operate exclusively at high temperatures. The heat pumps work in clear stages. 

It probably runs at a certain power constantly during an hour before shutting off. This should reduce 

the number of startups and thus increase the lifetime of the compressor.  VPU1 which according to 

Figure 59. Temperatures and heating power of Heat pump 1. 

Figure 58. Temperatures and heating power of heat pump 2. 
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the SCADA system and the naming scheme should provide both space heating and DHW has an almost 

constant temperature level of more than 60°C. This does however contradict the fact that heat pump 

would produce heat to space heating and DHW.  

 Heat pump 1, produce maximum heating power at even the higher temperatures. Heat pump 2, 

reserved for DHW production, operated less at higher outdoor air temperatures. The daily mean power 

from the heat pumps have a clear dependency of the outdoor air temperature. The daily mean should 

therefore also be used if hourly values does not show ambient air temperature dependence. It can be 

seen that heat pump 1 still produce heating above 12 degrees while heat pump 2 does not, Figure 60. 

This suggests that heat pump 1 is in fact producing DHW instead of heat pump 2 and that the naming 

of the two heat pumps is incorrect.  

 

 

 

 

Figure 60. Power signature from heat pumps.  

Figure 61. Heating power by heat pump 1 and heat pump 2. 
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At the 27th September 2018 between 15:00 and 01:00. The reported power for the DHW was 200,220 

and 240 kW, exceeding the total capacity of 80kW. This data was filtered out.  

The secondary fluid temperatures for heat pump 1 is shown in Figure 62. The artithemetic mean 

secondary fluid outlet is 7,9 °C. A  strange behaviour of the temperaure curves are that the evaporation 

temperaure in and out diverge in december month. This is unexpected since the secondary fluid 

temperaure to the evaporator generally decrease when the heating deamand increases. The 

evporation out temperaure does deacrease which is excpected. This temperaure sensor is most likely 

faulty. When normalizing the temperaure, the region from december 2018 to april 2019 will have a 

large normalizing factor since the heat extraction is high. If this temperaure is incorrect, this will scew 

the normalized mean secondary fluid temperaure. The average normalized secondary fluid outlet 

temperature is 5,0 °C.  

Since the heat pumps are parallel connected, the temperaure in to the evaporator should be equal in 

heat pump 1 and heat pump 2, the temperaure readers are  VPU1-GT43 and VPU2-GT43. 

 

Figure 62. Secondary fluid temperatures. 
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When comparing the measured secondary fluid temperature for heat pump 1 and heat pump 2, the 

divergence of the secondary fluid entering fluid temperature into the evaporator of heat pump 1 is 

clear. This suggests that the tempeaure sensor on heat pump 1 called VPU1-GT43 is incorrect. For heat 

pump 2. The average secondary fluid outlet tempearure is 9,7 °C. The average secondary fluid outlet 

tempearure that has been nornalized is 0,9 °C.  

 

The secondary fluid temperatures for heat pump 2 is shown in Figure 64. Here we can se the ehaviour 

that the secondary fluid inlet temperaure descrease as the compressor power and thus the heat 

extraction from the ground increases.  

Figure 64. Secondary fluid temperatures. 

Figure 63. Secondary fluid temperatures of heat pump 1 and heat pump 2. 
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The mean heating water supply temperature is 55,1 ° C and mean normalized heating water supply 

temperature is 56,6° C, Figure 65. Heat pump operates at a fairly constant condensing temperature as 

the previous analyzed heat pumps in this study.  

 

For heat pump 2, the mean heating water temperature is 42,8 °C. It should be noted that there is a 

large temperature difference over the condenser in the summer months when it is barely any power 

consumption by the heat pump. This is probably when heat pump 2 alone produce all the DHW. The 

normalized heating water temperature is 40,5 °C. In contrast to the other heat pumps, this heat pumps 

is varying its condensing temperature which is advisable for achieving a high performance. This is 

probably the reason why Heat pump 2 has a SPFH2 of 3,5 which is the highest SPFH2 value of all the 

heat pumps in this study.  

 

 

 

Figure 66. Condenser water temperatures and compressor power, heat pump 2. 

Figure 65. Condenser water temperatures and compressor power, heat pump 1. 
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The normalized mean heating water supply temperature is 53,1 °C, Figure 67. Since normalization was 

made based on the compressor power, heat pump 1 with higher condensing temperature (in and out) 

increases the overall temperature in the condenser.  

6.3.3 Part III – Evaluation of borehole heat exchangers 

The mean secondary fluid temperature fluid was simulated using the design inputs during the design 

phase. Also, the secondary fluid temperature was also simulated altering the input values for The 

mean secondary fluid temperature was simulated by updating the input parameters listed in 4.4.2 

based on the measured values in Part II.  

 

The simulated mean secondary fluid temperature is shown in Figure 68 for the different variations.  

Figure 68. Simulated mean secondary fluid with the use of EED. 

Figure 67. Heating water temperatures and compressor power, heat pump 1 and 2.  
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The EED-updated which includes all the updated input values from Figure 68 is plotted along with 

measured temperature values during 2018. EED-design is the EED-simulation used at the design phase 

of the system. Measured – min is the lowest temperature during each month whereas Measured – 

Min last day is the lowest temperature at the last day of the month, similar to how EED simulates the 

temperatures. The mean difference between EED-Design and EED-updated is 1,5 K. The mean 

difference between EED-updated and Measured – Min. is 1,4 K.  

7 Discussion  

All three GSHP systems had one electricity meter for the heat pumps. The electricity to the compressor 

was not measured.  This is expected since the heat pump is sold as one unit and the demand for this 

measurement data is probably limited.  

Based on the cases studied in this thesis, the author of this study concludes that SPFH1 is therefore 

not a practical KPI since it will most likely be very few systems that have electricity meters for the 

compressors but the entire heat pump including internal circulations pumps. There can however be 

heat pumps that do not have any internal circulation pumps, which would make the measurements 

closer to SPFH1. Still there are still other auxiliary equipment installed in the heat pump such as displays 

and control equipment which should neither be included in SPFH1. Thus, the conclusion is that SPFH1 

is not a suitable KPI for GSHP system evaluation, unless it is defined accounting for all other appliances 

normally measured. Another option is to install specific equipment that can be used to monitor only 

pumps and/or compressors although being expensive.  

SPFH2 is affected by the internal circulation pumps on the heat sink side in the heat pump. These 

should not be included in SPFH2 but are included in the electricity to the heat pump. For the three 

systems studied in this thesis, these were however much smaller than the internal secondary fluid 

pump, meaning that the estimation of the energy for those will not have as large impact. 

None of the circulation pumps on the heating side were instrumented with electricity meters. The 

reason can be that building owners view them as a necessary part of the system that can be seen as 

“static”, as long as they are properly dimensioned and have the correct set point, the energy of these 
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Figure 69. Temperature difference between the different EED-calculations and the measured temperatures.  
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should be relatively constant unless they break down. The uncertainty of the annual energy for these 

is therefore large.  SPFH4 is of importance when comparing central and distributed systems but since 

central hydronic systems are almost exclusively used in Sweden the circulation pumps for the water 

side would be there no matter the heating source. 

In this study, the temperature was normalized based on the compressor energy because it was 

available for all systems. However, the actual heat extracted from the ground would be the most 

accurate normalization. The heat extraction can be estimated by the difference between the energy 

provided by the heat pump and the power consumption. However, for site 027 the energy meter broke 

down which made it impossible. In addition, this system did not have a separate thermal energy meter 

for each heat pump. Regarding the compressor power, it is able to represent the heat extraction for 

each heat pump better, although in by doing this it is assumed COP is constant while it in fact differs 

depending on the temperature in the evaporator and the condenser.  

Energy meters of class 2 seem to be the most common accuracy class since it is the required accuracy 

for billing and is therefore a requirement for district heating. for two of the three systems, every other 

energy meter had also class 2, which led to assuming the same for the third GSHP system. If the flow 

rate is calculated theoretically, it is based on the accuracy of the temperature sensors. If there is small 

temperature difference, the flow will be large even at small thermal energies. It is thus better to be 

able to take the flow rate directly from SCADA if possible.  

Even though 011 had cold boreholes, the SPFH2 were 3,3 which can be compared to 2,9 for 249 in 

2018-2018 using SCADA data. This is thanks to the use of district heating which benefits from how 

SPFH2 is calculated. Both systems had the same SPFNI of 6,8. The reason to why 249 had lower SPFH2 

is due to the lower efficiency of the heat pump which is revealed by nH2. The log entries by the 

technicians confirm this due to the many replacement of components that has been done. This shows 

the benefit of also evaluating the nH2, it allows the comparison of heat pump efficiency between GSHP 

systems operating at different temperature levels. In addition, the normalized temperature used to 

calculate the efficiency is also valuable in itself. By having an average normalized temperature, one can 

compare the temperature at which the systems are actually working at. Different systems having 

different load profiles, climate and temperature levels can be compared in a systematic manner.  

The comparison of the mean secondary fluid temperature between the simulated temperature by EED 

with updated values and measurements showed little difference. This should be of interest of borehole 

field designers of getting examples of the order of magnitude of the accuracy EED for future projects. 

The sensitivity analysis which parameters that affected the temperature the most.  The heating load is 

not unexpectedly one of the largest factors affecting the temperature. It is also one of the most difficult 

to predict and shows the importance of performing a detailed energy analysis of the demand in order 

to dimension the borehole field properly. 

It is worth discussing the demand of the building as well. A GSHP system can be dimensioned perfectly 

and operate at high efficiencies, but the importance of reducing the heating demand is as important. 

As can be seen, there is a large difference in the specific energy usage between the three GSHP 

systems. 011 having up to 300 kwh/m2 and 249 as low as 150 kwh/m2. At site 011, due to its cultural 

classification, improving the insulation of the envelope is not possible, but it shows the importance of 

also having an energy efficient building and low heating demand. If the aim is to increase the efficiency 

of the GSHP system, the heating demand should also try to be reduced.  

If the temperature of the secondary fluid was not normalized but the arithmetic mean was to be used, 

periods of low energy with high temperature will yield high temperature which is not accurate. It is 
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suggested that the temperatures should be weighted based on the energy so that periods with many 

stops will be avoided. This temperature will be scaled and cannot be used as point values. However, 

the sum gives a mean that should be closer to reality since it is weighted based on energy. Another 

way is to reject temperatures when the compressor power is too low. But the question is what energies 

should be sorted out. It is difficult to be consistent comparing different cases deepening on installed 

capacity and run hours.  Normalization is also of use even if there are temperature sensors on the main 

line. Because even if the correct temperature is shown, the heat pump might not be in operation. It 

must therefore be normalized for the use as well which is done with this method.  

Evaluating SPFPE enables the inclusion of the primary energy of the backup heater. This is of 

importance when comparing systems that rely on backup heaters to a large extent that are not based 

on electric resistance heaters, 011 and 027 being two examples. This is evident when comparing SPFH3 

and SPFH3PE between 011 and 249. In addition, for counties with different primary energy for 

electricity and if another source is used as backup heater, SPFPE is a valuable KPI to evaluate GSHP 

systems. Since the primary energy is used for the building regulation regarding newly built buildings, 

it is also of importance to extend the primary energy into the SPF calculations in the case of the Swedish 

market.   
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8 Conclusion 

This study has shown examples of how GSHP systems are designed including different system layouts 

and type of backup heaters. Also, what type of instrumentation that can be found in commercial GSHP 

systems and how it affects the uncertainty of the measurements. The normalization of temperatures 

allows temperatures to be compared between different systems having different load profiles and 

climates since the temperature is normalized based on the operation of the heat pump. This also allows 

to calculate a heat pump efficiency that is based on the temperature levels of the system and can 

therefore be compared between different systems. The SPF of the systems shows that cold boreholes 

and problems with the heat pumps can be equally detrimental for the system performance. The aim 

of the study was achieved and is listed in this section.  

Table 22. Summary of KPIs , measurement data for 2018.  

KPI 011 027 249 

HP1+HP2 HP1 HP2 

Temperature (Normalized)- 
Secondary fluid inlet to evaporator 
[°C] 

0,8 2,7 - -** 4,7 

Temperature (Normalized) - 
Secondary fluid outlet from  
evaporator [°C] 

-1,8 0,6 3,3 5,0 0,9 

Temperature (Normalized) - Mean 
secondary fluid  [°C] 

-0,5 1,6 6,0 8,2 2,8 

Temperature (Normalized) - 
Heating water supply from 
condenser [°C] 

44,7 45,0 51,0 56,6 40,5 

ERT [h] 5075 - 3060 - - 

SPFT 6,8 7,2 - 6,2 7,9 

SPFH1 - - - - - 

SPFH2  3,3 3,0* 2,9 2,5 3,5 

SPFH3  1,9 2,2* 1,9 - - 

SPFH4  - - 1,9 - - 

nSPFT,H1 - - - - - 

nSPFT,H2 0,48 - - 0,41 0,44 

SPFH1PE  - - - - - 

SPFH2PE 2,1 1,9* 1,8 1,5 2,1 

SPFH3PE 1,5 1,6* 1,2 - - 

SPFH4PE - - 1,2 - - 

*Mean 2012-2017 

** Unreliable measurement data.  
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1) The available measurements of each system restricted the possible KPIs that could be 

calculated. As can be seen form table, SPFH1 was not possible to calculate for any of the 

systems since the electricity meter measured the total electricity for the heat pump. This is a 

problem that will probably be common if one tries to calculate SPFh1 in other similar GSHP 

systems. Hourly values of the systems thermal energy meters and electricity meters were used 

to calculate the SPF-values.  

 

2) The calculated SPFs are listed in Table 22. As can be seen, 011 had the highest SPF. 

Unfortunately, 027 had a faulty energy meters prohibiting the calculation of the SPF. In order 

to calcite SPFH4, the annual average circulation pump electricity consumption had to be used 

since it was not connected to the SCADA system.  

 

3) Additional KPIs are also listed in Table 22. Summary of KPIs. These are able to explain the 

differences in SPF between the systems and help identify the cause. The normalized secondary 

fluid outlet temperature shows if the boreholes are cold, as is the case with 011 which has low 

temperature compared to the other systems. Together with normalized water supply 

temperature, the SPFT (see 4.3.3 for further explanation) can be calculated quantifying the 

ideal performance for each system. These KPIs explain why 011 can have higher SPF than 249. 

The ηSPFT   (see 4.3.3 for further explanation)  shows how the heat pumps perform and is able 

to quantify the deficient performance by 249 causing the low SPF.  

 

4) The comparison between the mean secondary fluid temperature calculated by the software 

EED using measured loads and the actual temperature measurements shows that the mean 

difference of the secondary fluid temperature between the Updated EED and the Measured 

min. is 1,4 K for  both Levnadsteckningen and Vikten. This quantified the accuracy of the 

simulations software for these two GSHP-systems.  

 

 

Figure 70. Comparison of a selected KPIs. 
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9 Annex 1  
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10 Annex 2 

 

Section Parameter Value Unit 
   

Ground 
Properties 

      

  Heat transfer 
coefficient  

3,4 W/(m·K) 
   

    Heat capacity   2,4 MJ/(m³·K) 
   

    Annual mean 
temperature  

8 °C 
   

   Geothermal 
heat flow    

0,055 W/m² 
   

Borehole 
and heat 
exchanger 

      

  Type simple U-
pipe 

    

  Config. 286 21 :3x7 
   

  Depth 250 m 
   

  Spacing 18 m 
   

  Diameter 114,3 mm 
   

  Contact 
resistance 
pipe/filling 

0 mk/W 
   

  Filling thermal 
conductivity 

0,6 W/mk 
   

  Vol. flow rate 
Q, per 
borehole 

0,55 l/s 
   

  Outer 
diameter 

40 mm 
   

  Wall thickness 2,3 mm 
   

  Thermal 
conductivity 

0,42 W/(mK) 
   

  Shank spacing 60 mm 
   

Heat 
carrier 
fluid 

      

  Thermal 
conductivity 

0,44 W/(mK) 
   

  Specific heat 
capacity 

4250 J/(kgK) 
   

  Density 960 kg/m3 
   

  Viscosity 0,0076 kg/(ms) 
   

  Freezing point -15 °C 
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Base load 
/ Peak  

      

  Annual space 
heating  

1092/958 Full/partial  MWh 
   

  SPF 3,4 
    

  Monthly 
profile ground 
extraction 

Base 
fraction 

Full load [MWh] Partial 
load 
[MWh] 

Peak 
power 
full/partial 
[kW] 

Duration 
[h] 

  Jan 0,16 131,0 114,9 231/180 24,0 

  Feb 0,15 123,3 108,1 231/180 24,0 

  Mar 0,13 107,8 94,6 0,0 0,0 

  Apr 0,10 84,7 74,3 0,0 0,0 

  Maj 0,06 53,9 47,2 0,0 0,0 

  Jun 0,02 23,1 20,2 0,0 0,0 

  Jul 0,01 15,3 13,4 0,0 0,0 

  Aug 0,01 15,3 13,4 0,0 0,0 

  Sep 0,03 30,8 27,0 0,0 0,0 

  Okt 0,08 69,3 60,8 0,0 0,0 

  Nov 0,11 92,4 81,1 0,0 0,0 

  Dec 0,14 115,6 101,3 0,0 0,0 

  Total heat 
extraction 
gound  

 
862,5 756,2 

  

  DHW 149/130 MWh 
   

  SPF DHW 2,6   
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11 Annex 3 

Section Parameter Value Unit 
  

Ground 
Properties 

     

  Heat transfer 
coefficient  

3,5 W/(m·K) 
  

    Heat capacity   2,4 MJ/(m³·K) 
  

    Annual mean 
temperature  

6,6 °C 
  

   Geothermal 
heat flow    

0,05 W/m² 
  

Borehole 
and heat 
exchanger 

     

  Type simple U-
pipe 

   

  Config. 282 9 :3x3 
  

  Depth 210 m 
  

  Spacing 20 m 
  

  Diameter 114,3 mm 
  

  Contact 
resistance 
pipe/filling 

0 mk/W 
  

  Filling thermal 
conductivity 

0,6 W/mk 
  

  Vol. flow rate 
Q, per 
borehole 

0,6 l/s 
  

  Outer 
diameter 

40 mm 
  

  Wall thickness 2,3 mm 
  

  Thermal 
conductivity 

0,42 W/(mK) 
  

  Shank spacing 60 mm 
  

Heat 
carrier 
fluid 

     

  Thermal 
conductivity 

0,44 W/(mK) 
  

  Specific heat 
capacity 

4250 J/(kgK) 
  

  Density 960 kg/m3 
  

  Viscosity 0,0076 kg/(ms) 
  

  Freezing point -15 °C 
  

Base load 
/ Peak  

     



 

 
101 

 

  Annual space 
heating  

227 Full/partial  MWh 
  

  SPF 3,5 
   

  Monthly 
profile ground 
extraction 

Base 
fraction 

Full load [MWh] Peak 
power 
[kW] 

Duration 
[h] 

  Jan 0,155 42,10 76 24,0 

  Feb 0,148 40,51 76 24,0 

  Mar 0,125 35,29 0,0 0,0 

  Apr 0,099 29,39 0,0 0,0 

  Maj 0,064 21,44 0,0 0,0 

  Jun 0,000 6,92 0,0 0,0 

  Jul 0,000 6,92 0,0 0,0 

  Aug 0,000 6,92 0,0 0,0 

  Sep 0,061 20,76 0,0 0,0 

  Okt 0,087 26,67 0,0 0,0 

  Nov 0,117 33,48 0,0 0,0 

  Dec 0,144 39,60 0,0 0,0 

  Total heat 
extraction 
gound  

 

310,0 

  

  DHW 83 MWh 
  

  SPF DHW 2,5   
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