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English summary 
This report presents the obtained results and performed tasks during the project Deep 
Boreholes for Ground-Source Heat Pumps, within the framework of the research 
program Effsys Expand. 

A price model for the investment of GSHP system with deep Borehole Heat 
Exchangers (BHEs) is derived from a survey submitted to Swedish drillers. Notably, it 
is shown that the price increases with the borehole depth in a cubic fashion. Up to 300 
m depth, the model shows a good match with a linear correlation having a slope of 275 
SEK/m, a figure that is close to commonly used estimates for the total installation price 
of a single BHE. For larger depths, however, the installation price becomes non-linear 
and deviates from this linear tendency. Examples of total installation prices, including 
heat pumps and BHEs installation, are given. 

Measurements performed in three different installations with deep boreholes are 
reported. The first tests are performed in a 800 m deep borehole equipped with a 
coaxial collector. Five Distributed Thermal Response Tests (DTRTs) are performed in 
this BHE of which four were heat-extraction DTRTs. It is shown that heat flux inversion 
happens along the depth of the boreholes, that is heat is extracted at the bottom of the 
borehole but lost at the top. The flow rate is shown to have a significant effect on the 
thermal shunt effect and the coaxial BHE is shown to have significantly lower pressure 
drops that more traditional BHE (e.g. U-pipes). The pressure drop vs. flow rate relation 
is experimentally characterized through a hydraulic step test. An effective borehole 
resistance of 0.21 m∙K/W was found. This value is relatively high and is explained by 
a limited flow rate and the large depth. More investigations as regards the 
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measurement technique (DTS with fiber optic cables) are needed before performing 
further in-depth analysis. 

In another installation, four 510 m boreholes are measured to deviate about 30% from 
the vertical direction, highlighting the importance of drilling precision for deep 
boreholes, more particularly in urban environment. The GSHP system, using 50mm U-
pipe BHEs is monitored over a year and it is found that pumping energy consumption 
in the boreholes could be as high as 22% of the total energy consumption of the system 
(compressors and circulation pumps). The relevance of pressure drops and control 
strategies for the circulation pumps in the borehole loop is emphasized. The 
temperature profile with depth confirms the existence of stored heat in the top part of 
the ground in urban environment. 

The results of two DTRTs performed in the same borehole (335 m) are reported, the 
latter being first water-filled before being grouted. The obtained thermal conductivities 
differ from one case to another, possibly highlighting the effect of the filling material on 
the results. Several other explanations are proposed although none can be fully 
verified. 

The design and construction phases of a laboratory-scale borehole storage model are 
reported. The design phase mainly focused on deriving analytical scaling laws and 
finding a suitable size for such a model. Through the design analysis, an explanation 
to the discrepancy observed in the only previous attempt to validate long-term thermal 
behavior of boreholes is proposed. 

Investigations as regards the KTH heat pump system, optimum flow rates in GSHP 
systems with deep BHEs and quantification of thermal influence between neighboring 
boreholes are discussed although the work could not be fully completed within the 
timeframe of the project. 

The dissemination of knowledge through different activity is reported. 

 

Sammanfattning på svenska 
Denna rapport presenterar resultaten och utförda uppgifter i projektet Djupa borrhål för 
bergvärmepumpar, inom ramen för forskningsprogrammet Effsys Expand. 

En prismodell för investeringskostnad skapades från en enkät som utfördes hos 
svenska borrentreprenörer. För grunda borrhål visar modellen bra överenskommelse 
med lineär korrelation mellan pris och djup, med lutning 275 SEK/m. För större djup 
blir installationspriset icke-linjärt och avviker från siffrorna 275 kr/m. Den utvecklade 
modellen visar faktiskt att priset ökar med kubiken av borrhålsdjupet. Exempel på 
totala installationspriser, inklusive värmepumpar och BHEs installation, ges. 

Mätningar utförda i tre olika installationer med djupa borrhål rapporteras. Distribuerade 
termiska responstester (DTRT) har utförts i djupa borrhål med både värmeuttag och 
värmetillförsel. Resultatet visar en markant stor termisk shuntflöde som orsakar att den 
värmen som extraheras längds den nedre delen av borrhålet  förloras längs den övre 
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delen. Flödeshastigheten har en signifikant effekt på hur mycket värme som förloras, 
vilket måste avvägas med optimeringen av tryckfallet i kollektorn. Bättre förutsättningar 
för högre flöden finns i koaxiella borrhålsvärmeväxlare som enligt mätningar och 
beräkningar visar att ha signifikant lägre tryckfall som traditionella U-rör. Tryckfallet och 
dess relation till flödeshastighet i en 800 m djup koaxial BHE har karakteriserats 
experimentellt genom ett hydrauliskt stegtest. Det termiska shuntflödet förekommer 
dock till en stor utsträckning även i denna typ av kollektor.  

Det effektiva borrhålsmotståndet har mätts till 0,21 mꞏK/W i det 800 m djupa 
koaxialvärmeväxlaren. Detta värde är relativt högt även om flödeshastigheten var 
begränsad. Ytterligare undersökningar ang. mättekniken (DTS med fiberoptiska 
kablar) behöver göras innan ytterligare analys kan utföras. 

I en annan testanläggning har mätningar i fyra stycken 510 m djupa borrhål utförts. 
Bland annat har man konstaterat en 30% avvikelse från vertikal riktning, vilket betonar 
vikten av borrprecision för djupa borrhål. Att dokumentera detta kan vara av särskilt 
intresse i stadsmiljön. Bergvärmepumpssystemet övervakades över ett år och det 
konstaterades att energiförbrukning hos cirkulationspumpar i borrhålskretsen kan vara 
så hög som 22% av systemets totala energiförbrukning (kompressorer och 
cirkulationspumpar), en indikation på att betydelsen av design, bevakning och 
optimering av systemets kontroll är stor.  

Resultaten från termiska responstester i två relativt djupa återfyllda borrhål (335 m) 
visar att den erhållna värmeledningsförmåga och borrhålsmotståndet är högre före 
borrhålen har återfyllts, eventuellt orsakad av inträngning av återfyllningsmaterialet i 
formationen. Flera andra hypoteser föreslås. 

Designen och konstruktionsfaserna för borrhålsmodell i laboratorieskala rapporteras. 
Designfasen fokuserade främst på att härleda analytiska skaleringslagar och hitta en 
lämplig storlek för en sådan modell via en numerisk modell. Arbetet ledde till hypoteser 
kring tidigare utfört arbete i labbskalamiljö som leder till en del utveckling. 
Labbmodellen är tänkt att vara unik i sin karaktär och kommer att användas både i 
forskning och utbildningssyfte. 

Undersökningar avseende KTH värmepumpsystem, optimala flödeshastigheter i 
GSHP-system med djupa BHE och kvantifiering av termisk påverkan mellan 
närliggande borrhål diskuteras även om arbetet inte kunde slutföras fullständigt inom 
projektets tidsram. Spridningen av kunskap genom olika aktiviteter rapporteras. 
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1. Introduction 
1.1. Project consortium 

This report presents the final results of the project Deep Boreholes for Ground-Source 
Heat Pumps that is financed by the Swedish Energy Agency (Energimyndigheten) 
through the program EFFSYS Expand. The project was started late 2015 and finished 
in June 2018. The project was led by Dr. José Acuña and executed by Willem Mazzotti, 
both from the Royal Institute of Technology (KTH) in Stockholm, Sweden. Dr. Alberto 
Lazzarotto and Pr. Björn Palm also participated in the project, mainly through 
supervision and academic support. The project benefited from in-kind sponsoring and 
support from 28 national and 7 international companies. The project consortium is 
represented in Figure 1. 

 
Figure 1. Project consortium 

1.2. Report structure 
The report is organized as such: first, background information about Ground-Source 
Heat Pumps (GSHPs) and their design is given, followed by the some introduction to 
deep and coaxial Borehole Heat Exchangers (BHEs), finally, a discussion about local 
and effective borehole thermal resistance is provided. Then, the different objectives of 
the project are used as the report backbone; finally, a last section summarizing the 
main findings and exposing the authors’ view on future work will conclude the report. 
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The 10 objectives consisting the core of the report are as follow: 

1) Identify business opportunities related to deep BHEs 

2) Measure, document and evaluate the performance of 3 deep BHEs 

3) Build a laboratory-scale borehole thermal storage (LABS) 

4) Calculate and analyze how KTH’s new heat pump system could operate at 
least 5% more efficiently using some coaxial BHEs within reasonable 
temperature limits 

5) Optimum flow in GSHP systems with deep boreholes 

6) Dissemination of knowledge 

o Supervise about 5 master/bachelor students 

o Contribute to the dissemination of knowledge and the competence 
increase in the field of GSHP, both academically through courses/labs 
and in the industry through seminars 

o Increase the amount of universally-available knowledge on actual 
operation of Swedish GSHP systems by about 10% 

7) Quantify the thermal influence between neighboring systems with shallow and 
deep boreholes 

8) Write a recommendation guide for designing deep BHEs with coaxial 
collectors; 

Note that the 5th objective was not part of the original application but was added during 
the project as it was deemed relevant by the project consortium. 

1.3. Ground-Source Heat Pumps and deep boreholes 

1.3.1. Ground-Source Heat Pumps 

GSHP systems refer to heat pump systems that use the ground as heat source to 
provide heat to an end-user, usually a building. Heat from the ground may be extracted 
in several fashions: by pumping up (and down) groundwater, through horizontal heat 
exchangers or through vertical borehole heat exchangers (BHEs). In this report, only 
vertical borehole heat exchangers will be considered. 

A typical GSHP system is represented in Figure 2 with its three main components: a 
heat pump, a Ground Heat Exchanger (GHE) consisting of one or several BHEs and a 
building (or end-user). Several other important components can be named, such as 
the control system, circulation pumps, or the distribution system in the buildings; those 
are however considered as part of the three main components. 

In 2014 in Sweden about 18% of single family houses were heated up by GSHPs while 
this number is only 4%1 for multi-family houses [1]. 

1.3.2. Design of Ground-Source Heat Pump systems 

GSHP systems with vertical, closed-loop BHEs are among the most energy-efficient 
systems for heating and cooling buildings, when properly designed and built. The 

                                            
1 Expressed in percentage of heated area. 
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following sections roughly describe a usual design process for a heat-dominated 
GSHP in Sweden. 

 
Figure 2. A GSHP system split into three main components 

First, the building load (demand) is determined through estimations, simulations or 
data. Then, a power coverage factor is then chosen, allowing the determination of a 
suitable size for the heat pump. The power coverage factor is the ratio between the 
maximum heating power delivered by the heat pump and the maximum load. The 
power coverage factor influences costs, energy efficiency, controls, among other 
things and a typical value is 70%. 

Note that an auxiliary heating device is needed to cover the peak loads unless the 
power coverage factor is 100%. This auxiliary device may, e.g. electrical resistance, or 
may not, e.g. district heating sub-station, be included in the heat pump device(s). Heat 
storage might help reducing the need for auxiliary devices. 

Once the power coverage factor chosen, the energy coverage factor may be calculated 
using the load profile of the building. A power coverage factor of 70% usually leads to 
an energy coverage factor well over 95%. 

The energy to be delivered by the heat pump is then known. Through the estimation 
of the heat pump Seasonal Performance Factor (SPF) based on temperature levels 
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and/or data, the amount of energy to be extracted from the ground can be computed 
using simple thermodynamics. Note that, if the GHE is recharged, e.g. through cooling 
the building, this heat injection should be considered in the net energy balance seen 
by the GHE. 

The net energy extraction is then used as an input to the GHE design, consisting in 
determining the geometrical parameters of the GHE: depth, spacing and amount of 
boreholes. These parameters must be chosen so that the GHE can fit on the available 
land/property and the temperature of the secondary fluid circulating in the GHE does 
not drop below a pre-defined limit over the lifetime of the installation. This limit depends 
on the initial temperature in the ground and may be defined based on experience, heat 
pump operational limits, energy efficiency and operational costs considerations. An 
example of such a design limit in the Stockholm area is -3°C for hourly values of the 
secondary fluid average temperature after 20 years of operation. 

In order to evaluate how the depth, spacing and amount of boreholes influence the 
secondary fluid temperature over the lifetime of the installation, a heat transfer model 
is needed. Heat transfer models often consist of two parts: heat transfer inside and 
outside the borehole. Heat transfer inside the borehole involves short-term dynamics 
but is usually reduced to an effective thermal resistance for the purpose of the design 

 𝑅∗ 𝑇 𝑇
𝑞

 (1) 

𝑞 is the depth-averaged specific load (W/m), taken here as negative when heat is 
extracted from the ground. 𝑇  and 𝑇  are the depth-averaged borehole wall 
temperature and simple inlet-outlet mean temperature, respectively. 

Heat transfer in the ground is a transient process and is usually modelled by a Thermal 
Response Function (TRF). TRFs, which most known version is Eskilson’s g-function 
[2], can be interpreted as a dimensionless temperature increase at the borehole wall 
caused by unit step heat injection rate, that is, knowing the TRF allows calculating the 
real temperature increase or decrease for any given load (constant) and any given 
thermal conductivity in the ground 

 𝑇 𝑇
𝑞

2𝜋𝜆
𝑇𝑅𝐹 𝑟∗, 𝐵∗, 𝐷∗, 𝑡∗  (2) 

𝑇  is the depth-averaged initial temperatures and 𝜆 is the thermal conductivity. 𝑟∗, 𝐵∗ 
and 𝐷∗ are the dimensionless borehole radius, spacing and buried depth, respectively. 
The normalization is done using the active depth, 𝐻, so for instance 𝑟∗ 𝑟 /𝐻. The 
buried depth, 𝐷, corresponds to the depth at which the heat effectively starts being 
exchanged with the ground; in groundwater-filled boreholes this could correspond to 
the groundwater level for instance. The dimensionless time, 𝑡∗, is defined as 𝑡∗

9𝛼𝑡/𝐻  or 𝑡∗ 9𝐹𝑜. 

Note that the TRF is configuration-dependent, that is, dependent on how the boreholes 
are arranged within the GHE, e.g. a square array of 4 boreholes (2x2). However, the 
TRF is not dependent on the absolute geometry of the GHE; rather, it depends on its 
relative geometry as expressed by the three dimensionless spatial parameters in (2). 
This means that two GHEs with the same configuration but having boreholes of 
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different depth will nevertheless have the same TRF if the spatial aspect ratios, 𝑟∗, 𝐵∗ 
and 𝐷∗, are conserved. A given dimensionless time would, however, correspond to two 
different real times in that case (see the definition of 𝑡∗). 

Knowing the TRF for different GHE configurations, one can calculate the temperature 
outcome for any given load profile by applying temporal superposition. Then, the least 
costly configuration respecting the temperature constraint can be chosen. The cost of 
a configuration is usually much correlated to its total drilling length. 

Note that, though described as a sequential process, the authors recommend using an 
integrated and iterative approach for the design of a GSHP as components influence 
each other thermodynamically, but also economically. This would furthermore allow 
considering different control strategies that, in the authors’ experience, are too often 
left aside in the design process. 

1.3.3. Deep Borehole Heat Exchangers and the project context 

For properties with limited land, it may be challenging to cover a high-share of the heat 
loads with the GSHP as both the amount of boreholes and their spacing are limited. 
Unless it is decided to lower the power coverage factor or somehow recharge the 
ground, the only design parameter left to play with is the depth of the boreholes in the 
GHE. This should be especially true if the net extraction heat load is high in comparison 
to the available land, for example if the building is tall and heat-dominated. 

In fact, this lack of available drilling area, coupled to other factors, has led to an 
increasing trend for the borehole depths in Sweden. Figure 3 shows the average 
borehole depth and deepest borehole per year between 1990 and 2017. This figure 
shows a clear increase in both the deepest borehole and the average depth over time. 
This trend toward deeper boreholes even seems to have been accelerating in recent 
years, which may be an indication that market incentives for deeper boreholes have 
become stronger. 

So the number of installations with deep boreholes has increased; but what is a deep 
borehole? In Sweden, installations with boreholes of 300 m have become common and 
this depth was therefore chosen has a limit to determine what can be consider deep or 
not. In most other countries, 300 m would already be considered as deep. It should be 
noted that the term deep is somewhat misused as it actually designate the length of 
the borehole. It is likely that the length of a borehole is larger than its depth as 
boreholes will rarely be exactly vertical even if planed as such.  

The context for this “what-is-deep” discussion is GSHP systems and is of course not 
relevant in the context of high-temperature geothermal systems where boreholes of 
several kilometers are considered. 
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Figure 3. Average and maximum borehole depth per year between 1990 and 20171 

for GSHP system (Gierup, 2015, as reported by Gehlin et al.[3]) 

Although the number of installations with deep boreholes has increased, uncertainties 
remain as for the economic and energy viabilities of these systems, not to mention 
risks. Therefore, the project framework was to identify advantages and drawbacks with 
deep BHEs in GSHP systems. In order to fulfill this overarching goal, the project 
consortium has investigated the techno-economics of deep BHEs, monitored and 
performed tests in deep BHEs, considered practical and modelling challenges with 
coaxial BHEs (see part ) and neighboring installations, delved into a case study (KTH 
heat pump system), and built a lab-scale GHE for experimental studies. 

Besides the lack of drilling area, other motivations for deeper boreholes include 
neighboring borehole installations, a large layer of soil above the bedrock, increasing 
temperature with depth (for heat-dominated systems) [3], more effective heat pumps 
and higher net energy extraction per drillable square meter. Cold locations may be 
beneficial for very deep boreholes as the buildings will have higher heat demands while 
the temperature gradient should be similar or higher than in warmer regions with similar 
geology. The latter argument is only qualitative and based on larger geothermal-to-
solar share in the crust energy budget. It assumes a location-independent radiogenic 
heat production, as well as a uniform geothermal heat flux for at the Mohorovičić 
discontinuity, which is the limit between the crust and the mantle [4], [5]. The radiogenic 
heat production (radioactive decay) is estimated to contribute to about 50% to Earth’s 
outwards heat flux, although uncertainties about this contribution remains high [6]. 

Although deep BHEs have not been investigated extensively, there exist few studies 
in the literature. Kohl et al.[7] report the monitoring of a 2.3 km deep borehole used 
with a heat pump to provide space heating and DHW to two multi-family houses. A 
system Seasonal Performance Factor (SPF) of 6 is deduced from measurements with 

                                            
1 Data for the deepest boreholes in 2015, 2016 and 2017 have been added by the authors and are only based on the authors’ 
knowledge, i.e. there could exist even deeper boreholes for GSHP that the authors are not aware of. 
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temperature levels around 40°C on the borehole side and about 230 MWh of extracted 
energy per year. 

Holmberg et al.[8] developed a numerical model for simulations of single coaxial BHE 
and use it to perform a parametric study. Coaxial BHEs are presented and discussed 
in more details in the next section (1.3.4). The authors conclude that the flow direction 
does not have a noticeable effect on thermal performance for short boreholes (≈ 200 
m) whereas larger effects are seen for deeper boreholes. A flow inlet in the annulus is 
recommended for heat extraction and vice-versa for heat injection. The authors also 
highlight that the thermal performance may be improved by limiting the thermal shunt 
effect (see 1.3.4) by either increasing the thermal resistances between downward and 
upward channels or by increasing the mass flow rate. It is stated that “the increase in 
system performance with increasing borehole depth outweighs the increase in 
pressure losses and pumping power”. Finally, the authors recommend using larger 
borehole diameters for deeper boreholes. 

Gehlin et al.[3] review practical and design aspects to be considered for GSHP with 
deep BHEs. The authors discuss the risk of buckling for U-pipe, which is related to 
density differences between groundwater and secondary fluid in the BHE (in the case 
of groundwater-filled boreholes). They also recommend suspending U-tubes higher in 
deep boreholes to avoid pipe failure due to thermal expansion1. Gehlin et al.[3] discuss 
potential issues with compressors and deviation as the depth of boreholes increase. 
Interesting thermal considerations are also included in the articles: thermal shunt is 
highlighted as a challenge for deep BHEs, as well as potential heat losses from the 
BHE to the ground at the top of borehole due to the vertical temperature gradient in 
the ground (i.e. an inversion of heat flux along the borehole depth). In addition, the 
authors argue that heat lost by buildings (or other surface entities, or heat gained by 
the ground through climate change) may counteract the benefit of the geothermal 
gradient. This heat is indeed stored in the upper layers of the ground, creating a “heat 
build-up” there. This leads to temperature profiles typically encountered in urban areas, 
where the temperature is somewhat high at the surface, reaches a minimum value 
where the contribution from surface heat losses become insignificant, and follows the 
geothermal gradient further down. The position of this minimum mainly depends on the 
thermal diffusivity of the ground and the amount time elapsed since the start of the 
surface heat losses. Pressure drops for U-pipes and double U-pipes are also 
considered by Gehlin et al.[3]; they provide a figure explicating how the pressure drop 
would increase with borehole depth if the inlet-outlet temperature difference is kept 
constant at 4 K. This implies a linearly increasing flow rate with the borehole depth (the 
specific extraction rate is kept constant) and thus the pressure drops vs depth curves 
are somewhat quadratic. Furthermore, the economics of deep BHEs is  addressed by 
Gehlin et al.[3] who claim that the drilling cost per meter is not linearly increasing with 
depth due to increased energy-use and wearing of the drill bit. This will be verified in 
this report. 

                                            
1 This, however, depends on the temperature of the U-pipe before its insertion as well as the how fast the U-pipe expands as it is 
being inserted. If the U-pipe reaches equilibrium with its surrounding fast enough as it is being inserted, it will not experience a 
dramatic change of length after completion of the insertion. If the BHE is extraction-dominated, the U-pipe will moreover have a 
tendency to shrink over time. 
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Wang et al.[9] report field data from a GSHP installation using three 2km deep coaxial 
BHEs. The installation is monitored over 5 days during the heating season 
(December). An average COP of 6.4 is found for the heat pump units only while the 
system COP is of 4.6 in average. The three BHEs are able to sustain about 285 kW of 
extracted power, in average, during the monitored period. Additionally, the authors 
perform a parametric study through numerical modelling. As in ref.[8], they deduce that 
flow inlet in the annulus is beneficial from a thermal standpoint. One interesting result 
is that, for a constant inlet temperature, both the outlet temperature and the extracted 
power increase. 

Other studies focus on deep BHEs but not necessarily on their use in GSHP systems. 
Le Lous et al.[10] developed a numerical model of a 5.5 km deep borehole with coaxial 
collector. Dijkshoorn et al.[11] examine the potential use of a 2.5 km deep, coaxial BHE 
for direct heating and cooling through an absorption heat pump. The analysis is 
performed through measurements in the borehole and a numerical model. The authors 
find that the borehole can sustainably cover cyclic loads up to 35 kW under 20 years 
of operation, resulting in temperatures between 34 and 52°C. The authors stress the 
negative impact of thermal shunt on performance. Another, later study on the same 
borehole concludes that it could be used to provide 69% of the heating demand of the 
connected building, partly through direct heating and partly through heat pumps [12]. 
Law et al.[13] state that a 2.5 km borehole with an open coaxial collector can provide 
a power of about 400 kW if so-called bleed flow is applied. Fang et al.[14] developed 
a numerical model of a deep, coaxial BHE based on the Finite Difference Method 
(FDM). The study highlights the importance of limiting thermal shunt and the impact of 
the geothermal gradient on the loads that the BHE can sustain. 

1.3.4. Coaxial Borehole Heat Exchangers 

Coaxial BHEs are pipe-in-pipe heat exchangers as opposed to the most conventional 
U-pipe heat exchanger. Horizontal cross-sections of a U-pipe and a coaxial BHE are 
represented in Figure 4. The dimensions given in the coaxial cross-section (b) are not 
generic but just correspond to a specific case that was studied in this project (see 3.1). 
In this report, coaxial BHEs refer to a BHE composed of an outer liner and a center 
pipe. Coaxial BHEs are relevant to use in deep boreholes from a hydraulic standpoint; 
indeed, the hydraulic diameter is much larger for a coaxial BHE than a U-pipe leading 
to significantly lower pressure drop (see 3.1.2). One may also think that coaxial BHE 
are beneficial from a thermal standpoint as the annulus is in almost direct contact with 
the ground, thereby reducing the local thermal resistance. This is developed in the next 
section. 
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Figure 4. Horizontal cross-sections of a U-pipe BHE (a) and a coaxial BHE (b) 

 

1.3.5. Local and effective borehole thermal resistances 

The local thermal resistance, not to be mistaken with the effective borehole thermal 
resistance (1), is an approximation of the two-dimensional heat transfer in the borehole 
and is defined by Hellström [15] as (see p.19) 

 𝑅 𝑧
𝑇 𝑧 𝑇 𝑧

𝑞 𝑧
 (3) 

where 𝑇  and 𝑇  are referred to as the fluid and borehole temperatures, respectively. It 
is not explicitly specified how the fluid temperature should be chosen; however, when 
deriving the local borehole resistance for a U-pipe using the thermal network of Figure 
5 (a) (see pp.77-79), Hellström sets the two fluid temperatures equal to each other. As 
the pipes have the same “potential” (temperature), one may then calculate an 
equivalent resistance between this potential and the borehole potential/temperature. 
Another trick to reach the same result is to set 𝑞 0. The two resistances 𝑅  and 
𝑅  are then in parallel, leading to 

 𝑅
𝑅 𝑅

𝑅 𝑅
 (4) 

Under real operation, however, the two fluid temperatures will never be truly equal to 
one another. Over time, the definition of the local borehole resistance has changed to 
[16], [17] 

 𝑅
𝑇 𝑇

𝑞
 (5) 
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where 𝑇  is the arithmetic average of local fluid temperatures. Note that there are two 

points of “potential” 𝑇  on the thermal network of Figure 5 (a); if we assume 𝑇 𝑇
𝑇 , there should be one point of temperature 𝑇  between 𝑇  and 𝑇 , and another point 
between 𝑇  and 𝑇 . Note that eq.(4) and (5) are only equivalent for a symmetrical 
system in which 𝑅 𝑅 . 

Using the same temperature equalization procedure for coaxial BHE with the thermal 
network of Figure 5 (b), one obtains 

 𝑅 𝑅  (6) 

The local resistance may indeed be lower for coaxial BHEs. As 𝑅  values do not 
account for the total internal resistance (𝑅 , obtained through setting 𝑞 0), it is not 
the best metrics to compare different types of BHEs. Instead, the effective borehole 
resistance, 𝑅∗ , can be used since it accounts for the thermal shunt between the upward 
and downward pipes over the whole depth of the borehole [17]. Thermal shunt 
becomes an important parameter for deep BHEs as the stretch over which the two legs 
of the BHE can thermally influence one another is longer. Expressions of 𝑅∗  are given 
by Hellström [15] and Fang et al.[18] for a uniform borehole wall temperature. These 
expressions are based on networks of thermal resistances as shown in Figure 5. For 
a U-pipe [15] 

 𝑅∗ 𝑅 ⋅ 𝜂 ⋅ coth 𝜂  (7) 

  

 
Figure 5. Example of thermal resistance networks for characterization of quasi-

steady-state heat transfer in U-pipe (a) and coaxial (b) BHEs 

with 𝜂 1 4 . A similar expression is obtained by Fang et al.[18] for a 

coaxial collector experiencing heat extraction with the fluid inlet in the annulus 
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 𝑅∗ 𝑅
2

⋅ 𝜂 ⋅ coth 𝜂  (8) 

However, the authors seem to have made a small calculation mistake and the correct 
expression is exactly similar to that obtained for the U-pipe 

 𝑅∗ 𝑅 ⋅ 𝜂 ⋅ coth 𝜂  (9) 

It is interesting to notice that the two expressions are similar. In fact, the two resistance 
networks are similar if 𝑅 → ∞ in the U-pipe case. Note that the resistances 𝑅  and 
𝑅  differ in the U-pipe (7) and coaxial (9)(10) cases so the comparison is not 
straightforward. Assuming that the ratio 𝑅 /𝑅  is the same for a U-pipes and a coaxial 
BHE, though, the coaxial BHE will likely have a lower 𝑅∗  than the U-pipe for a given 
borehole depth, 𝐻, and heat capacity rate, 𝑚𝑐 . This is due to the strictly decreasing 
behavior of coth for positive numbers and the fact that 𝑅  is usually lower for coaxial 
than for U-pipe BHEs. Furthermore, both expressions lead to the conclusions that 𝑅∗  
increases when 𝐻 or 𝑅  increase and, on the other hand, 𝑅∗  decreases when 𝑚𝑐  or 
𝑅  increase.  

For coaxial BHE, it is likely that 𝑅  will be higher than for a U-pipe because the two 
pipes are in direct contact. On the other hand, 𝑅  will likely be lower because the liner 
is almost in direct contact with the borehole wall. 

As noted in the literature about deep BHEs, flow inlet in the annulus is said to be more 
beneficial [8], [9] for deep, coaxial BHEs. Zanchini et al.[19] confirm that result even for 
short boreholes assuming a uniform temperature in the ground, although the 
difference. Some studies [8], [20], [21] nevertheless conclude that the flow direction 
has no significant influence for short boreholes (≈ 200 m). It should be noted, however, 
that these studies are based on the same experimentally-measured initial temperature 
profile in the ground [22], which is non-uniform but fairly symmetrical with depth. 

2. Identify business opportunities related 
to deep boreholes 

This objective is related to the economics of deep BHEs and could be reformulated as: 
when is a GSHP system with deep BHEs economically interesting to consider? 

2.1. Investment costs 
There are many factors influencing the costs over the lifetime a GSHP system, to name 
a few: electricity price, heat pump price, performance of the heat pump, pumping 
consumption, maintenance, etc. A factor that may be more important than other when 
considering deep BHEs is the cost of drilling that is part of the investment cost. As it is 
expected that the cost of drilling per meter will non-linearly increase with depth [3], the 
total cost of drilling might become predominant for deep BHEs. To obtain a better 
picture of the drilling costs for deep BHEs, a survey directed towards Swedish drillers 
was run. 
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2.1.1. Survey about drilling prices 

The survey was run using the online tool Mentimeter during a gathering of Swedish 
driller associations. A total of 28 answers were gathered which of 23 could be used to 
derive a price model. The exact questions (in Sweidsh) can be found in Appendix 1. 

Some of the limitations of the survey are: 

 the results are only related to drilling, i.e. casing and the BHE are not accounted 
for in the given price; 

 all the respondents were present in the same room at the time of the survey and 
the results were shown real-time on a screen so the respondents may have 
influenced each other; 

 some respondent may have few or none experience with drilling deep 
boreholes; 

 all the questions are for a borehole diameter of 115 mm; 

 the prices are given for ranges of depth (.e.g. 350-450 m) and not specific 
depths. Thus, the largest depth in a given range is used to build the price model. 
The last depth (600 m) is arbitrarily fixed since the question is directed towards 
drilling prices for depths larger than 500 m; 

 there is no specification about drilling precision. 

We think, however, that the survey gives a fair picture of market prices for drilling deep 
boreholes but the limitations of the survey should be kept in mind when analyzing the 
survey outcomes. Those are shown in Figure 6 in terms of average drilling price per 
meter over the whole borehole depth, i.e. the total price for drilling one entire borehole 
is obtained by multiplying the price per meter of Figure 6 by the borehole depth. 

 
Figure 6. Depth-averaged drilling prices per meter for different borehole depths 

Figure 6 shows the survey answers, the derived price model and the 95% confidence 
intervals for each depth. Note that the quadratic form of the price model is completely 
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arbitrary although it is the form giving the best fitting among the other simple 
mathematical relations tried (exponential form, 𝐶 𝑒 , power law, 𝐶 𝑥 ). It also has 
an increasing behavior with increasing depths. It may be surprising the price per meter 
does not tend to 0 SEK/m when the depth tend to 0; however, one must remember that 
the total drilling price is obtained by multiplying the depth by the per-meter-price, thus 
a borehole of 0 m (no borehole) has a cost of 0 SEK. Note that casing, transport and 
administration are accounted for separately. Another indication that the chosen 
quadratic form may be appropriate is its flat behavior for depths below 200 m. This is 
in agreement with the statement by Gehlin et al.[3] according to which drillers charge 
the same price per meter for borehole shorter than 200 m. 

Whether or not the chosen quadratic law accurately represent underlying economic 
behaviors, it is clear from Figure 6 is that the drilling price per meter increases with 
depth in a non-linear fashion. Since the total drilling price is obtained by multiplying the 
depth by the per-meter-price, the total price depends on the depth in a cubic fashion.  

The 95% confidence intervals show that the spread in the answers is quite large for 
each depth and that the spread increases with increasing depth. This might be 
interpreted as either different pricing strategies from the drillers or increased 
uncertainties as regards costs when drilling deeper. Note that the 95% confidence 
intervals are determined using Student’s t-distribution since the sample size is small. 

The survey also intended to assess the price differences that may occur for borehole 
field of different sizes. The number of boreholes was nevertheless not found to 
significantly influence the price per meter of drilling. 

Another question regarding the fixed price for the establishment and removal of a drill 
rig on the work site was asked during the survey. In average this price amount to about 
9300 SEK. All prices given in this section exclude VAT. 

2.1.2. Other prices related to drilling 

The previous survey and price model only considered drilling prices but there are many 
other costs (prices) related to drilling: BHEs, manifolds, trench digging for pipe 
connections to the heat pump, secondary fluid, commissioning, casing, etc. Among 
those, two are of particular interest for a deep borehole: the casing and the BHE. 

The casing price is highly dependent on the local geology since its length depend on 
the thickness of the soil layer about the bedrock. In Sweden, it is mandatory to case a 
borehole down to 2 m below the bedrock and the casing should be at least 6 m long. 
The price for casing can be roughly estimated as 600 SEK/m, which is why deep 
boreholes are an interesting option when the soil layer above the bedrock is thick. 

It may be expected that the BHE (collector) price varies linearly with depth; 
nonetheless, the installation of BHE in deeper boreholes might be more time-
consuming and require more expensive equipment. Moreover, in the case of U-pipes, 
larger diameters will be preferred for deep boreholes, in order to limit the pressure 
drop. Thus, there should a depth-dependency for the per-meter-price of the BHE. 
However, only very few pieces of information could be gathered as for the prices of 
different U-tubes collectors and no information at all could be gathered as regards 
coaxial BHE. Therefore, the techno-economic study was limited to U-tube BHEs. 



14 
 

Due to the geographical dependency of the casing price and to the lack of information 
as regards U-tube BHEs, not to mention other types of prices (costs), all of these 
elements have been lumped in an extra price per meter figure fixed as 100 SEK/m. 

2.1.3. Total BHE prices 

Given the drilling and other prices given in the two previous sections, it is possible to 
calculate the total BHE price for any given depth and number of boreholes, i.e. the total 
price for drilling, installing and connecting a BHE to a heat pump installation. Figure 7 
shows the total BHE price for different depths. This figure also shows a rule-of-thumb 
per-meter-price of 275 SEK/m figure, which is commonly used by drillers. Interestingly, 
the price model and the rule-of-thumb match well for shallower boreholes but start 
drifting apart at about 300 m. Figure 7 also shows 95% confidence intervals, calculated 
assuming that the extra price given in 2.1.2 can vary of ±50 SEK/m (uniform 
distribution). The developed equation to calculate the total BHE price is 

 𝑃 𝐶 𝐶 𝐻 𝐶 𝑁 𝐻 𝐶  (10) 

where 𝑃 is the total BHE price, 𝐻 is the depth, 𝑁  is the number of boreholes, 𝐶
158.53 𝑆𝐸𝐾/𝑚 and 𝐶 3.38 ⋅ 10  𝑆𝐸𝐾/𝑚  are the constant that can be seen in 
Figure 6, 𝐶 100 𝑆𝐸𝐾/𝑚 is the lumped price for the BHE, casing and other extra 
prices related to drilling (see 2.1.2), 𝐶 9300 𝑆𝐸𝐾 is the fixed price related to the 
establishment of the drilling rig on site. 

 
Figure 7. Total BHE price vs depth for boreholes of diameter 115 mm 

2.1.4. Examples of prices for GSHP systems with deep BHEs 

To calculate the total investment cost, the cost of the heat pump and its installation 
must be added to the total BHE price. The cost of a heat pump and its installation is 
mainly a function of its size, often measured through its nominal heat capacity in kW. 
A common practice for estimating the total price of a GSHP system (including drilling) 
is to assume its proportionality with the nominal heat capacity. Figures between 15000 
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to 20000 SEK/kW may be used. Such a rule of thumb will be used here for the purpose 
of the example but doing so, one indirectly assumes that there is a direct relation 
between the maximum heat capacity and the total required length. This is, however, 
not necessarily true and the authors recommend using a more detailed analysis 
whenever possible. 

In order to estimate the price for a whole GSHP installation, we will nevertheless use 
such a rule of thumb. A figure of 𝑃 17.5 𝑆𝐸𝐾/𝑊 (17500 SEK/kW) is used for the 
calculation. This figure is transformed in a price per meter of drilling as follows 

 𝑃 𝑃 ⋅ 𝑞 ⋅ 𝛽 𝐶 𝐶 𝐻 𝐶  (11) 

where 𝑃  is the heat pump price per meter drilling (including installation), 𝑃  is the 
heat pump price per installed Watt (nominal heating capacity), 𝑞  is the peak heat 
extraction rate per meter of borehole and 𝛽  is the ratio between the heat delivered 
by the heat pump and the heat extracted from the ground. Here we will take 𝛽

 where 𝐶𝑂𝑃  is the heat pump COP under peak load condition. This COP is 

assumed as 3.5 while the compressor percent heat loss, 𝜉, is taken as 7%1. A value 
of 35 W/m is assumed for 𝑞 . Again, the authors generally recommend not to use 
rules of thumb such as 𝑞  since this figure depends on the type of rock, thermal 
interactions between boreholes, heat extraction history among other factors. A 
reference depth of 300 m is used to calculate 𝑃  which turns out to be 545 SEK/m. 
The authors consider that price can vary between 250 to 750 SEK/m depending on the 
assumptions made. 

Resulting total prices for GSHP systems with single and 5 borehole(s) are shown in 
Figure 8 for different borehole depths. The figure also displays high and low-end 
estimations for these prices, calculated from the previous range for the heat pump price 
and the confidence intervals of Figure 7 (see 2.1.3). 

                                            
1 𝛽 𝑄 /𝑄  is often taken as  where 𝑆𝑃𝐹  is the Seasonnal Performance Factor of the heat pump unit, i.e. the 

ratio between the compressor energy consumption, 𝑊 , and the heat delivered by the heat pump (the reasoning is the same if one 
consider the COP instead). This equation, however, only true for (semi-)hermetic, adiabatic compressors. 
The first principle of thermodynamics tell us that 𝑄 𝐸 𝑄  where 𝑄  is the heat absorbed at the evaporator, 𝑄  is the heat 
rejected at the condenser and 𝐸  is the energy provided to the refrigerant in the compressor. If the compression is not reversible, 𝐸  
will be the sum of the isentropic work and some friction heat generated in the process. 

The expression 𝛽  can be derived from 𝑄 𝐸 𝑄  only if 𝐸 𝑊 . The latter only occur is all the electrical 

losses are recovered by the refrigerant. This might be true for hermetic or semi-hermetic compressors in which the motor is cooled 
down by the refrigerant. The compressor envelop must, however, be adiabatic; the hot, compressed refrigerant will otherwise lose 
heat to the environment. If heat is lost by the refrigerant to the surroundings, the energy balance becomes 𝑄 𝑊 1 𝜉
𝑄  where 𝜉 is the percent heat loss, usually about 5-10%. For open compressors, this figure will even be higher. The previous 

equation can be modified to obtain 𝛽 . Neglecting the heat losses may lead to about 5% overestimation of 𝛽 . 

It may be rightfully argued that the heat lost through the compressor envelop participate in heating the building. If so, one may 

define 𝛽  as  and 𝑆𝑃𝐹 , which leads to 𝛽 . 

A somewhat similar discussion is provided in Granryd et al.[23] for refrigeration units (see chapter 7 A2). 
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Figure 8. Estimated total prices of GSHP systems with a single borehole (a) and 5 

boreholes (b) of different depths 

2.2. Operating costs 
The investment costs for GSHP system with deep BHEs can now be estimated using 
the relations in the previous section (2.1). In order to assess the competitiveness of 
those systems one must also estimate the operating costs over the lifetime of the 
installation. Yearly operating costs, 𝑃 , can be calculated as the sum of the electricity 
costs for the GSHP system, 𝑃 𝐸 ⋅ 𝑝; the maintenance costs, 𝑀; the potential 
amortizing, 𝐴 and interest costs, 𝑅 (in case the investment is fully or partly covered 
with a loan); and the auxiliary heating consumption, 𝐷 (electricity, district heating or 
else) 

 𝑃 𝑃 𝑀 𝐴 𝑅 𝐷 (12) 

𝐸  is all electricity consumption related to the GSHP system. Three components will 
in most cases be dominant in 𝐸 : compressors, circulation pump(s) in the GHE loop 
and circulation pump(s) in the building distribution system. For deep BHEs, the 
circulation pump(s) in the GHE loop are of particular interest as the pressure drop might 
be higher. On the other hand, the compressor might consume less energy if the heat 
source temperature is higher. 

More information as regards the actual operation of deep BHEs is needed to assess 
operating costs. This is investigated in the next section but the work about operating 
costs could unfortunately not be completed within the timeframe of the project. 

  

To
ta

l P
ric

e 
[M

S
E

K
]

To
ta

l P
ric

e 
[M

S
E

K
]



17 
 

3. Measure, document and evaluate the 
performance of three deep Borehole 
Heat Exchangers 

In the framework of this project, five different sites have been considered for performing 
field tests and studies. Measurements have been effectively carried out in four of those 
test sites but only three of the sites will be presented in this report. Those three sites 
are named as follows: Asker (Norway), Ingemar (downtown Stockholm), and Rosendal 
(Uppsala). Asker is the site that was most investigated followed by Ingemar and 
Rosendal. 

3.1. Asker: 2 x 800 m deep coaxial BHEs 

3.1.1. Background 

Asker is a municipality located about 20 km west from Oslo in Norway. The local 
authorities have decided to investigate deep BHEs as a potential solution for providing 
heat to a future district, consisting of more than 100 000 m2 of living, office and 
business areas. The reasons for investigating deep BHEs are: a thick soil layer, tight 
buildings and the desired high renewable energy fraction for the new buildings. A 
research and development project was therefore started in Norway, resulting in the 
drilling of two 800 m boreholes. Those two pilot boreholes are supposed to provide 
heat to a football pitch and nearby facilities (club offices, changing rooms, etc.) as 
illustrated in , which put the boreholes in perspective with the Eiffel tower (the former 
being 2.5 times “higher” than the latter). This is illustrated in Figure 9. 

3.1.2. Information about BHEs and local geology 

The local geology is mainly composed of shale, limestone and calcareous sandstone 
[24]. The thermal conductivities of these rocks is between 1.5 and 3.5 Wꞏm-1ꞏK-1 for the 
shale and limestone while it is between 2 and 6.5 Wꞏm-1ꞏK-1 for sandstone [25]. 
Calcareous sandstone may be expected to have a lower thermal conductivity because 
of its chalky content. The drill logs for the two boreholes are unfortunately not available 
to the authors. 

The two boreholes have different types of coaxial BHE. The first one, BH1, has a 
liner/center-pipe type of coaxial while the second one, BH2, has an open coaxial BHE 
solution, i.e. the fluid circulating in the BHE is in direct contact with the ground (no liner 
but a center pipe). The two boreholes have a diameter of 165 mm in the upper 200 m 
but the diameter is lower in the remaining 600 m: 150 mm for BH1 and 140 mm for 
BH2. Only BH1 has been investigated in this project. 

A cross-section of the coaxial BHE in the upper 200 m of BH1 is shown in Figure 9. 
The center pipe has an outer diameter of 75 mm and a Standard Dimension Ratio 
(SDR, diameter to thickness ratio) of 17. The center pipe is made of PolyEthylene (PE). 
As for the liner, it is made of armored plastic. Water is used as secondary fluid in both 
BHEs. 
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Figure 9. Illustration of the pilot installation in Asker (left) and horizontal cross-section 
of the coaxial BHE in the upper 200 m of BH1 (right) 

3.1.1. Instrumentation and uncertainties 

Two different sets of tests were performed in BH1 over different periods (see 3.1.3 and 
3.1.4) with different instrumentations. The above-surface instrumentation for the first 
set of tests is represented as a schematic layout in Figure 10 and an actual picture of 
the test apparatus is shown in Figure 11. 

Water temperature is measured through thermowells and two types of sensors are 
inserted in each thermowell: one Resistance Thermometer Detector (RTD) and one 
thermocouple. Thermocouple measurements are used in the analysis since only those 
devices were calibrated and had their measurement uncertainty determined1. The 
used flow meter is a magnetic flowmeter and was calibrated by a stopwatch/mass-
differential method. The pressure differential meter was calibrated using reference 
pressures. Note that there is a height difference of about 45-50 cm between the low 
and high-pressure connection points. This is corrected for in the analysis. 

                                            
1 Interestingly, the PT1000 and PT500 sensors systematically show a higher temperature than the thermocouples. This feature has 
not been investigated further. 
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Figure 10. Schematic layout of the instrumentation for the first set of tests 

 
Figure 11. Picture of the instrumentation for the first set of tests 

Manometers are only as operational indications. The types of sensor used and their 
extended measurement uncertainty at a 95% confidence level (~2σ) are presented in 
Table 1. The uncertainties are determined according to [26]. The RTD temperature 
measurements performed after the pump were proven unreliable due to high influence 
from the surroundings; however, the thermocouple measurements showed values very 
similar to those before the pump. 
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It should be noticed that the above ground system was not insulated. This could lead 
to some heat losses/gains and systematic errors for the temperature measurements 
(not accounted for in Table 1). 

Table 1. Sensor types and uncertainties for the first set of tests 

Sensors Type Expanded uncertainty (95%) 

Thermocouples  T ± 0.57 K 

Flow meter Magnetic ± 1.75%∙𝑉 m3.h-1 

ΔP meter Diaphragm ± 0.034 bar 

The first instrumentation was mainly designed to perform heat extraction Thermal 
Response Tests (TRTs, see 3.1.3) as can be deduced from Figure 10. Note that the 
flow inlet is in the annulus. A hydraulic step test was also performed using this 
apparatus (see 3.1.2). 

BH1 also was monitored below surface using optical fiber cables inserted in the BHE. 
Two fiber cables were installed; one in the annulus, the other one in the center pipe. 
Note that the cable position in its respective channel is not controlled. Optical fiber 
cables, coupled to a laser and reflectometer, allows temperature monitoring along the 
cables in a distributed fashion. This setup is referred to as Distributed Temperature 
Sensing (DTS). 

The measurement principle can be summarized as follows. A laser pulse 
(monochromatic light) is sent through the fiber; photons are scattered from molecules 
as they travel through the fiber; most of this scattering is elastic (Rayleigh scattering), 
i.e. the scattered photons are reemitted with the same frequency as the incident ones; 
some of the photons experience inelastic scattering (Raman or Brillouin scattering), 
i.e. there is a shift between the incident and scattered photons; the amplitudes of both 
the blue-shifted (anti-Stokes) and red-shifted (Stokes) frequencies of the Raman 
scattering is a function of temperature; thus, temperatures along the fiber cable may 
be deduced by measuring the amplitudes of the Stokes and anti-Stokes in time (the 
signal obtained during a given period after the pulse roughly corresponds to a given 
section of the fiber, see Optical Time-Domain Reflectometry (ODTR)). For more details 
about the measurement principles, the authors recommend reading [27]–[29]. 

The DTS unit has a spatial resolution of 2 m and a customable time-averaging feature 
(usually chosen as 5 minutes). As for any other measuring device, it is important to 
calibrate the DTS in order to correct systematic errors and characterize uncertainties. 
Calibration usually requires the use of at least three reference temperatures (baths) 
since the temperature calculation from Stokes and anti-Stokes involve at least three 
instrument/fiber dependent parameters [27]. For practical reasons, only one calibration 
bath could be used at the Asker site. This somewhat increases the measurement 
uncertainty, which is moreover not determined here. The DTS setup provides very 
useful information about the thermal performance of BH1 although more efforts should 
be put into determining the measurement accuracy (note: this can partly be performed 
post-tests). 
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The second set of tests was performed using a commercial TRT unit designed to 
perform high-power heat injection tests. The TRT unit can provide up to 24 kW of power 
through electrical resistances. The unit configuration is not shown here but is similar 
to that of Figure 10, the main differences being that the heat exchanger shall be 
replaced by the electrical resistances and that all measurement devices are different. 
Measurement uncertainties of the sensors used in the second set of tests have not 
been determined. The TRT unit is insulated but there still exist non-insulated sections 
of pipes close to BH1. Note that the flow direction is the same as in the first 
instrumentation. 

3.1.2. Hydraulic step test 

A hydraulic step test was performed in order to characterize the hydraulic performance 
of BH1. Hydraulic step test is here meant as a test under which the flow is varied 
stepwise and the corresponding change in pressure drop is monitored. The aim is to 
determine the characteristic pressure drop vs. flow rate curve of BH1. The test was 
performed using the first type of instrumentation (see 3.1.1). The results are shown in 
Figure 12 with measurement uncertainties. Theoretical pressure drops in different 
types of U-pipe is also provided for comparison purpose; the calculated pressure drops 
in U-pipe is based on linear friction losses using the Petukhov correlation (as reported 
by [30], see p. 522), hence low-end estimations. The measured pressure drop 
increases approximately quadratically with increasing flow rate. 

 
Figure 12. Measured pressure drop in a 800 m coaxial BHE for different flows 

(including 95% confidence level error) and comparison with different types of U-pipes 
(friction losses only) – Temperatures during the test 10-12°C 
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The pressure drop in an 800 m long PE63 U-pipe is about 2.5 times higher than in the 
coaxial BHE of the same length. The dimension PE63 is chosen because it is the 
largest standard U-pipe dimension that can fit in a 140 mm borehole. 

Interestingly, the theoretical pressure drop in an 800 m PE50 U-pipe is similar to that 
of a 250 m PE40 U-pipe for a given flow rate. As more heat will be extracted from the 
deeper BHE, however, the required flow rate will be higher in the deeper BHE so that 
a reasonable temperature difference can be kept over the evaporator of the heat pump. 

Assuming the same specific heat extraction rates (W/m) for both an 800 m and a 250 
m BHEs, the required flow rate to keep the same temperature difference over the 
evaporator would be 3.2 times higher in the 800 m case. This would lead to roughly 
the same pressure drop in a 250 m PE40 U-pipe than in the 800 m coaxial BHE and, 
thus, to the same pumping power (assuming an installation of similar total length, e.g. 
5x800 m and 16x250 m). The performance of the GSHP with 800 BHEs will 
nevertheless be likely higher as the heat source temperature is higher. 

3.1.3. Heat extraction Distributed Thermal Response Tests 

Thermal Response Tests (TRTs) are commonly used to determine the effective 
thermal conductivity, 𝜆∗, of the ground as well as the effective borehole resistance, 𝑅∗ . 
The principle is as such: heat is injected or extracted in the ground through the BHE 
and the transient temperature response is monitored; knowing the heat rate and 
borehole geometry, it is possible to use a parametrized model to try to recreate the 
temperature response analytically or numerically (inverse modelling). The parameters 
𝜆∗ and 𝑅∗  can be estimated by choosing the values for which the model best fits the 
experiment. In a DTRT, the temperature response is monitored in a distributed fashion 
along the borehole depth, through optical fiber cables for instance. 

In order to characterize the thermal performance of the 800 m coaxial BHE, 4 heat 
extraction Distributed Thermal Response Tests (DTRTs) were performed. A timeline 
of those 4 tests is presented in Figure 13, together with inlet and outlet temperature 
measurements. The tests are performed with different flow rates: about 9.3 m3/h for 
the first test, 7.6 m3/h, 3.4 m3/h and 5.0 m3/h for the second, third and fourth tests, 
respectively. In the first test, a different kind of measurement setup was used, 
explaining the scarcity of data. Tests 2 to 4 show an oscillatory behavior that is 
especially visible in the second test in Figure 13. This oscillatory behavior is a 
combined effect between influence from the ambient air and changes in incoming cold 
water temperature, the latter being warmed as it travels through a long (~ 100 m), non-
insulated PE pipe from the water connection point to the test site. 

Some data obtained from the DTS during the two different periods shown in Figure 13 
are shown in Figure 14 and Figure 15. In Figure 14, temperatures in the center pipe 
are shown for different depths and times. In Figure 15, temperatures in the annulus 
are displayed. An oscillatory behavior may again be noticed and it again has combined 
sources. The first source of oscillations is the actual temperature variations due to the 
above surface influences and the second source of oscillations is due to the changes 
in temperatures of the DTS computer, which in turn lead to a fictitious oscillatory 
behavior for all temperatures along the length. This may be possible to correct for post-
tests but requires further investigations. 
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Figure 13. Timeline of the four heat-extraction DTRTs 

Performing analysis on obtained data is therefore complex due to the direct and indirect 
influences of the ambient conditions. Several attempts to perform TRT and DTRT 
analysis were undertaken but appeared to be inconclusive. Thorough investigations 
about the influence of ambient conditions on both DTS and above-surface data are 
required in order to correctly analyze obtained data. Moreover, commonly use heat 
transfer models (e.g. Infinite Line Source) are not necessarily suitable to analyze data 
from deep, coaxial BHEs and investigations as regards suitable models also need to 
be performed. Due to time constraints, such investigations could unfortunately not be 
performed within the framework of this project. 

 

 
Figure 14. Obtained DTS data in the center pipe during the 1st heat-extraction DTRT 
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Figure 15. Obtained DTS data in the annulus during the 2nd, 3rd and 4th heat-

extraction DTRTs 

Although the uncertainty is not determined and there remains some incertitude as 
regards the effect of ambient conditions, DTS data is very detailed and can prove 
useful and interesting when processed. 

Figure 16 shows vertical temperature profiles in both the annulus and the center pipe 
at six different instants during the second DTRT. The first graph exhibits “undisturbed” 
profiles and profiles under circulation (here “undisturbed” refers to the temperature 
profile right before the test beginning but the temperature might still be disturbed from 
the first test). The second to fourth graphs show profiles after 10, 100 and 200 hours 
of heat extraction, respectively. The two last graphs exhibit profiles after 10 and 100 
hours of heat recovery, that is after the heat extraction has stopped. Similar graphs are 
displayed for the third and fourth heat-extraction DTRTs in Figure 17 and Figure 18, 
respectively. 

Something that tend to make DTS data more trustworthy is that most of the 
temperature profiles match at the bottom of the BHE, although each channel (optical 
fiber cable) is calibrated independently. The noise-like feature in the top 200 m of the 
annulus temperature profile is discussed later in this section. Likewise, the circulation 
profiles are discussed later. 

Looking at the center pipe temperature profiles under heat extraction for all three tests, 
one may appreciate the effect of the thermal shunt. An ideal case would be an adiabatic 
center pipe, which would lead to a vertical temperature profile (heat generated by 
friction is considered negligible). The center pipes profiles under heat extraction are 
clearly not vertical. In the 2nd DTRT, the difference between the bottom and top 
temperatures is between 1.0 and 1.5 K over the duration of the test. In the 3rd and 4th 
DTRTs, this difference is between 3.3 – 4.0 K and 2.2 – 3.5 K, respectively. To make 
a fair comparison though, one must consider the heat extraction rate involved in each 
case. 
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Figure 16. Temperature profiles for chosen instants during the 2nd DTRT 
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Figure 17. Temperature profiles for chosen instants during the 3rd DTRT 
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Figure 18. Temperature profiles for chosen instants during the 4th DTRT 
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In fact, the total thermal shunt heat rate (heat rate in the annulus) and the total heat 
extraction rate may be calculated using fiber data as 

 𝑞 𝜌𝑉𝑐 𝑇 0 𝑇 𝐻  and 𝑞 𝜌𝑉𝑐 𝑇 0 𝑇 0  (13) 

where 𝜌 is the fluid density, 𝑉 is the measured volume flow rate, 𝑐 is the specific heat 
capacity of the fluid, 𝑇  and 𝑇  are the temperatures (profiles) in the center pipe and 
annulus, respectively. 

The ratio between these two heat rates is plotted in Figure 19 for the different flow 
rates involved during the three tests. The ratio decrease with increasing flow rates; 
lower values of the ratio are desirable with a best case scenario of 0 (no thermal shunt,, 
adiabatic center pipe). It should be noticed that the total thermal shunt is in general 
higher (up to 3 times higher) than the total heat rate extracted from the ground. Using 
higher flow rates independently of the total amount of heat extracted might be 
beneficial for this coaxial BHE, especially provided the flat pressure drop vs. flow 
relation found in 3.1.2. The flow rate in GHE of GSHP systems is usually set so that a 
temperature difference of 3K is kept over the evaporator. For this coaxial BHE, it might 
beneficial to keep an even lower temperature difference or simply keep a constant 
higher flow rate regardless of the heat extraction rate. Further investigations are 
needed to confirm this statement. 

Purely thermally anyway, higher flow rates are beneficial for this coaxial BHE, at least 
in the limit of the tested flow rates. It might have been beneficial thermally to perform 
a DTRT with an even higher flow rate. Note that the first DTRT is not used since the 
flow rate is not directly measured. However, calculations have shown indications of 
even lower values for the 𝑞 /𝑞  ratio. 

 
Figure 19. Ratio between the thermal shunt heat rate and the total heat rate for 

different flow rates 
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The heat rates can also be calculated along the depth of the BHE. It is quite relevant 
to investigate the heat extraction profile with depth for deep coaxial BHE as it gives 
indications on what type of boundary conditions should be applied to predict heat 
transfer behavior and, in turn, design GSHP systems with this type of BHE. The specific 
heat rates are calculated as such 

 𝑞 𝑧 , 𝑧 𝜌𝑉𝑐
𝑇 𝑧 𝑇 𝑧

𝑧 𝑧
 (14) 

where 𝑧  and 𝑧  are two different depths (<0). In an effort to remove effects from 
measurement noise, specific heat rates in the annulus and the center pipe are 
computed over sections of about 100 m. Assuming quasi-steady-state in the BHE, the 
amount of heat extracted from the ground can then be calculated using a simple energy 
balance 

 𝑞 𝑧 , 𝑧 𝑞 𝑧 , 𝑧 𝑞 𝑧 , 𝑧  (15) 

where 𝑞 , 𝑞  and 𝑞  are specific heat rates from the ground”, in the annulus and in 
the center pipe. 𝑞  and 𝑞  (thermal shunt) are shown in Figure 20. The apparent 
fluctuating behavior of the heat extraction rates is imputed to measurement noise. In 
the top 200 m, the calculation of the heat extraction rate is influenced by the 
temperature fluctuations that can be observed in Figure 16, Figure 17 and Figure 18 
(discussed below). It is therefore hard to be conclusive regarding the positive heat rate 
values sometimes found in the top 200 m but it might reflect a true effect, namely heat 
injection. The visual inspection of the annulus temperature profile 100 hours after heat 
extraction shown in Figure 16 (DTRT 2) seems to reinforce that hypothesis but further 
data processing is needed before being more conclusive. The authors are not aware 
of any model that can manage a heat rate inversion along the depth and this would be 
a challenging feature to implement in a heat transfer model. 

All the 𝑞  profiles of Figure 20 display a decreasing behavior with depth. This can be 
expected as the temperature difference between the annulus and center pipe 
decreases with depth, reducing the potential for thermal shunt. On the other hand, 𝑞  
increases with depth although the 𝑞  profiles seem to be uniform as time passes. A 
comparison with coaxial BHE models like that of Holmberg et al.[8] would be of interest. 

Back to the temperature profiles of Figure 16, Figure 17 and Figure 18, two hypotheses 
have been contemplated but none is fully satisfactory. The first one is that ground water 
leaked in (or the circulating water leaked out) the coaxial BHE while the second one is 
related to laminar flow in the BHE. The leakage hypothesis was rejected for several 
reasons. A first reason is that the leakage should have influenced the temperature 
profile during recovery, but it does not (see Figure 16 to Figure 18); the fluctuations 
indeed only happen when water is circulated through the BHE (see Figure 15). A 
second reason is that the pressure in the system did not significantly changed during 
the tests. The second hypothesis is based on flow regime transition. The top 200 m 
having a larger borehole diameter, it is possible that laminar flow could occur there but 
not in the remaining part of the BHE. Moreover, the fluctuation effect seems to be more 
pronounced for lower flow rates. 
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Figure 20. Specific heat extraction profiles under the 2nd, 3rd and 4th DTRT 

D
ep

th
 [m

]

D
ep

th
 [m

]

D
e

pt
h 

[m
]

D
e

pt
h 

[m
]

D
ep

th
 [m

]

D
ep

th
 [m

]



31 
 

If this second hypothesis is correct, the observed fluctuations would be a consequence 
of the uncontrolled position of the optical fiber cable in the annulus. Indeed, when the 
flow is laminar, the radial position of the fiber in the annulus will have a much larger 
influence than if the flow is turbulent. For laminar flow, a radial temperature profile of 
parabolic shape may be expected while a somewhat flat temperature profile (except 
very to the boundary surfaces) may be expected for turbulent flow. This second 
hypothesis may seem more reasonable than the first one but the calculated Reynolds 
numbers says otherwise. In the top 200 m, Reynolds number for DTRT 2, 3 and 4 are 
indeed around 11000, 5000 and 7400, respectively. The critical Reynolds in annuli 
depends on the annuli radius ratio but is similar to that of a circular pipe, i.e. around 
2300 [31]. 

The circulation profiles shown in Figure 16 and Figure 17 pre-tests and in Figure 18 
during heat recovery are not vertical temperature profile as is usually assumed for short 
boreholes. Even though the net heat rate extracted from the ground is null or close to 
zero, the BHE experiences a vertical evening out of the temperature in the BHE and 
the surrounding ground. Heat is thus shifted from the bottom to the top of the borehole. 
It is to be determined if circulation before heat extraction is detrimental or beneficial for 
the system. 

3.1.4. Heat injection Distributed Thermal Response Tests 

A heat injection DTRT was performed about 8 months after the last heat extraction 
DTRT. The instrumentation is as specified in 3.1.1 and the flow inlet is kept in the 
annulus. Note that 24 kW of electrical power requires large currents and suitable 
electrical sockets. As of matter of fact, the heat injection test could not be run with 24 
kW as the three-phase outlet was limited to 63A. Only 15 kW could be provided through 
the electrical resistances. For (D)TRTs involving large powers, it therefore makes 
sense to consider using heat pumps instead of electrical resistances. The required 
electrical power (and thus current) is lower than for electrical resistances. 

The inlet and outlet temperatures of the BHE during the DTRT are shown in Figure 21. 
Heat and flow rates are displayed in Figure 22. The test was relatively stable. 

 
Figure 21. Inlet and outlet temperature during the heat injection DTRT 
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Figure 22. Heat and flow rates during the heat injection DTRT 

The flow rate tend to decrease with time, most likely due to decrease in viscosity due 
to the increase in temperature. During the first part of the test, the flow rate is about 
6.7 m3/h while being about 5.5 m3/h during the rest of the test. The annulus temperature 
profiles obtained through the DTS during the second part of the test is shown in Figure 
23 (note the slightly different timeframe). As in the heat extraction DTRTs, a period 
oscillation of the temperature is observed, although the amplitude of the variation is 
smaller here since the measured inlet temperature does not seem much influenced by 
ambient air temperature, it is believed that the observed variations in DTS data is 
mostly fictitious and due to the temperature variation of the DTS computer itself. 

TRT analyses are performed using a developed optimization algorithm for the 
superposed ILS. The optimization algorithm is based on the Newton-Raphson method, 
which is described in an accepted paper to be published in the IGSHPA second 
research track (see Appendix 2). 

 
Figure 23. Obtained DTS data in the annulus during the heat injection DTRT 
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For Linear Time Invariant problems, the temperature response to a piecewise 
compilation of power steps may be expressed as 

 Δ𝑇 𝑡 , 𝒙 Δ𝑞 ∙ 𝑔 𝑡 𝑡 , 𝒙  (16) 

where Δ𝑞  is the power step between times 𝑡  and 𝑡 , 𝑔 is the step response function 
and 𝒙 is a vector of model parameters to be estimated. Here only the effective thermal 
conductivity 𝜆∗ and the effective borehole thermal resistance 𝑅∗  are estimated. Using 
the ILS, the step function 𝑔 becomes 

 𝑔 𝑅∗ 1
4𝜋𝜆∗ 

 𝐸  
𝑟

4𝛼𝑡
 (17) 

where 𝐸  is the exponential integral function, 𝑟  is the borehole radius (taken here as 
140 mm) and 𝛼 is the thermal diffusivity. 

TRT analyses for different optimization periods were performed resulting in different 𝜆∗ 
and 𝑅∗  as can be seen in Figure 24 and Figure 25, respectively. For long enough 
optimization periods, all scenarii converge towards similar values for both 𝜆∗ and 𝑅∗ . 
The found effective thermal conductivity and borehole thermal resistance are 3.0 W∙m-

1∙K-1 and 0.21 m∙K∙W-1, respectively1. The modelled response with those parameters 
is plotted in Figure 26 together with the measured response. 

The found 𝜆∗ is in accordance with the local geology [25] but the found 𝑅∗  is higher 
than expected, most likely due to the unfavorable flow direction, relatively low flow rate 
during test and thermal shunt. 

 
Figure 24. Estimated effective thermal conductivity for different optimization periods 

                                            
1 A value of 0.1 m∙K∙W-1 was previously reported but this previous calculation was based on the wrong initial temperature. 
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Figure 25. Estimated effective borehole thermal resistance for different optimization 

periods 

 
Figure 26. Measured and modelled temperature responses vs time 

Similar temperature profiles as those presented for the heat extraction DTRTs are 
given in Figure 27. As opposed to the heat extraction case, the annulus and center 
pipe profiles are not matching at the bottom of the BHE under the heat injection DTRT. 
This is likely due to an inaccurate estimation of the DTS calibration parameters. No 
further quantitative analysis is thus performed on DTS data. 

Looking at the heat injection profiles of Figure 27 though, a few things can be said. 
First, there still seems to exist some disturbances in the top 200 m of the annulus. 
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(a) (b) 

(c) (d) 

(e) (f) 

Figure 27. Temperature profiles for chosen instants during the heat injection DTRT. 
(a) undisturbed conditions and pre-circulation, (b)10 hours after start, (c) 100 hours 
after start, (d) 200 hours after start, (e) 10 hours after stop, (f) 100 hours after stop 
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The disturbances seem to be more noticeable after 10 hours of heat extraction but the 
same hypotheses are formulated (see 3.1.3). 

Both the annulus and the center pipe temperature profiles are almost vertical below 
400 m (even with adjustment in the calibration, this would not change dramatically). 
This means that the BHE has a low thermal activity over half its depth! This might be 
one of the reasons for which 𝑅∗  is high. It is to be determined in what extent 𝜆∗ and 𝑅∗  
are influenced by this effect but it is quite possible that those parameters would be 
respectively higher and lower for a heat extraction TRT with the same flow direction. 

If the annulus profiles are correct, heat extraction might even happen at the bottom of 
the borehole. Theoretically, this could also happen for a reversed flow direction (inlet 
in the center pipe) but the potential for heat extraction would be lower as the fluid 
temperature at the bottom would be higher. This is noticed numerically by Holmberg 
et al. [8] (see Fig. 9) who also notice an inversion of specific heat rate for a flow inlet 
in the annulus during heat injection. 

It should be kept in mind that all the results presented in this section are related to a 
heat injection DTRT with flow inlet in the annulus. Further investigation about 
calibration of the DTS setup is required before producing any quantitative results using 
DTS data. 

3.2. Ingemar: 4 x 510 m borehole in central Stockholm 
Parts of this section are inspired from a yet non-published master thesis [32], which 
was performed as part of this project with supervision from the first author. All down-
the-hole measurements were nevertheless performed by the authors of this report. 

3.2.1. Background 

The GSHP system that is studied throughout this section is located in central 
Stockholm and is connected to two buildings of 29 apartments built in 1884. Radiators 
serve as heating elements in the buildings. The heat pump system has been put into 
service during spring 2016 and is currently used for providing space heating and 
domestic hot water (DHW). Formerly, these services were supplied by a Scandinavian 
energy company through a connection to Stockholm’s district heating network. Today, 
the system is still connected in case the capacity of the GSHP is overcome. The main 
purpose of this new heat pump was to decrease the energy costs for the residents. 

According to Geological Survey of Sweden (SGU) [33], the ground in the area is mainly 
composed of sandstone (metagraywacke), graphite, and metamorphic rocks and 
sediments (mica schist, paragneiss, migmatite, quartzite…). Furthermore, several 
boreholes have already been drilled in the neighborhood. The closest ones are located 
no further than a street away from the condominium: two residences are equipped with 
three boreholes of 300 m and 8 boreholes of 270 m deep, respectively. In these 
circumstances, the installers decided to drill four boreholes of about 510 m deep to 
meet the condominium’s heating needs. 

The four BHEs are connected in parallel and contain U-tubes made of polyethylene. 
The external diameter of each pipe is 50 mm and their SDR is 17. The top 150 m of 
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the upward-flowing pipe have a larger thickness to avoid thermal loses from the fluid. 
The SDR is consequently 11 over that portion. 

The heat pump system is represented in Figure 28. It is composed of two units of 60 
and 40 kW (respectively called HP1 and HP2), containing each two modules; hence a 
total of four vapor-compression cycles called M1 to M4. One module (M2) alternatively 
provides DHW and space heating, while the three others only supply space heating. 
Three tanks are used to store DHW. The system is also connected to the district 
heating network. 

The ground loop secondary fluid is circulated thanks to a pump CPb3 of 4 kW and two 
smaller pumps CPb1 and CPb2. Each module M1 to M4 includes another small 
circulation pump, respectively called CPh1 to CPh4, for moving the hot water produced 
by the condenser. 

The refrigerants used in the primary loop are R410A for HP1 and R407C for HP2. 
R410A is an almost azeotropic mixture, composed of R32 (50 wt%) and R125 (50 
wt%). It has a low temperature glide (below 1 K) in the two-phase region and almost 
behaves as a pure fluid. On the contrary, R407C is a zeotropic mixture of R32 (23 
wt%), R125 (25 wt%) and R134a (52 wt%). Its temperature glide is about 5-7 K [34]. 

 
Figure 28. Simplified hydraulic flowchart of the GSHP system in central Stockholm 
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The ground loop secondary fluid is a mixture of bioethanol and water, and its mass 
concentration in alcohol is estimated to 24.5 %, which corresponds to a freezing 
temperature of -15°C [35]. 

3.2.2. Directional measurements 

Directional (or deviation) measurements were performed in all four boreholes using a 
magnetic surveying instrument. The results are presented in Figure 29 together with 
the property area. Note that the measurement uncertainty is unknown. The largest 
radial deviation is about 160 m, representing around 30% of the total drilled length. 

Another measurement perform in another installation in a 550 m borehole showed a 
deviation of about 5.5%. 

The first measurements indicate that setting some requirements as regards the drilling 
accuracy might become necessary for deep boreholes, even more so in tightly built 
areas. It is the authors’ belief that the position of the boreholes should at least be 
documented. 

 
Figure 29. Directional measurements presented in a top view with the two buildings, 

the property area and the largest projected distances 

3.2.3. DTRTs and estimation of thermal conductivity 

Several attempts to perform DTRTs in one of the boreholes were undertaken but none 
of them was successful due to equipment failure. An estimation of thermal conductivity 
could nevertheless be performed using the undisturbed profile obtained through DTS 
data. Estimating a value for the geothermal heat flux, one can indeed calculate the 
thermal conductivity using Fourier’s law; that is, assuming that the heat conduction is 
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the dominant heat transfer mechanism in the establishment of the temperature 
gradient 

 𝑞 𝜆
𝑑𝑇
𝑑𝑧

 (18) 

where 𝑞  is the geothermal heat flux, 𝜆 is the thermal conductivity and  is the 

temperature gradient along the depth. According to Näslund et al. [36] and the 
International Heat Flow Commission [37], a geothermal heat flux between 0.05 and 
0.06 W/m² is a realistic assessment for Stockholm region. The temperature gradient is 
obtained through DTS data, which is raw data in that case (i.e. non-calibrated). Note 
that the vertical axis is the actual depth and not the length of the borehole, thus the 
directional measurements were used to determined the “real” depth. 

The measured “undisturbed” temperature profile is shown in Figure 30. Quotation 
marks are used because the temperature in the ground effectively appears to be 
disturbed by surface heat leakages into the ground. The temperature reaches a 
minimum at about 150 m below the surface, which suggests that this heat leakage 
phenomenon is relatively old (𝑡~𝑑 /𝛼). This influence from the surface can thus not 
be accounted for in the calculation of the temperature gradient and the latter is 
therefore assessed between 215 and 480 m, leading to a gradient of -0.0151 K/m or -
1.51 K per 100 m. 

In turn, this leads to an estimation of the thermal conductivity between 3.3 and 4.0 
W∙m-1∙K-1, depending on the geothermal heat flux. This is neglecting the potential 
systematic errors of the DTS setup. 

 
Figure 30. ”Undisturbed” profile in a 510 m borehole in central Stockholm 

3.2.4. Monitoring and performance assessment 

The GSHP system was monitored using existing sensors in the heat pump modules 
as well as with some extra sensors in order to assess the system performance. The 
different sensors and their position is shown in Figure 31. 

It was however necessary to make some assumptions about the system in order to 
calculate the performance. 
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Figure 31. Hydraulic flowchart with position and type of sensors 

The assumptions made are listed hereafter: 

 Since the high pressure is not measured, the condensation temperature is 
assumed to be directly related to the water temperature at the outlet of the 
condenser. The assumption must respect some thermodynamics constraints of 
the heat pump cycle represented by the bold black line in Figure 32. Moreover, 
the assumption must to reasonable isentropic efficiency for the compressor. The 
final assumptions are 

 
𝑇 , 𝑇 3 K    for HP1
𝑇 , 𝑇 2 K    for HP2 

where 𝑇 ,  is the water temperature at the condenser outlet and 𝑇  is the 
condensing temperature. This assumption leads to a maximum error of +1.35 
and -0.85 for the average COP. 

 The total flow rate in the GHE loop is measured but the distribution of the flow 
between the different heat pumps (and boreholes) is unknown. However, the 
pump curves are known and the pump speed (frequency) is measured. Thus, 
the flow in each branch can be determined as shown in Figure 33. 

 The power of the two smaller circulation pumps (CPb1 & CPb2) are determined 
using the pump speed, the flow rate in each branch, and the power vs. flow 
curves provided by the manufacturer. 

 The power used by the compressor is not directly measured but is determined 
by assuming heat losses of 5%. 
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Figure 32. Positions on a p-h diagram where the condenser outlet must be located 

 
Figure 33. Resulting available pressure against flow for CPb1 and CPb2 in parallel 

(for a pump speed of 100 %) 

Definitions of the Key Performance Indicators (KPIs) used for the analysis of the 
measurements are provided in the following section. Several different Coefficients Of 
Performance (COPs) are defined: the COP of a heat pump unit, 𝐶𝑂𝑃 , , the COP of 
the heat pump including the circulation pumps on the heat source side, 𝐶𝑂𝑃 , ,. Both 
COPs are graphically represented in Figure 31 and defined as 

 𝐶𝑂𝑃 ,
∑𝑄

∑𝑊
 (19) 
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 𝐶𝑂𝑃 ,
∑𝑄

∑𝑊 ∑𝑊  
 (20) 

where 𝑄  is the heat rate delivered at the condenser of the ith module, 𝑊  is the 

compressor power of the ith module and 𝑊  is the pumping power of the ith pump on 

the heat source side (borehole side). 

Average COPs are also used as KPIs. Average COPs are defined as 

 𝐶𝑂𝑃
1

Δ𝑡
𝐶𝑂𝑃 𝑑𝑡 (21) 

Note that average COPs are not the same as SPFs, which are defined as 

 𝑆𝑃𝐹 ,
∑𝑄 𝑑𝑡

∑𝑊 𝑑𝑡
 (22) 

and 

 𝑆𝑃𝐹 ,
∑𝑄 𝑑𝑡

∑𝑊 ∑𝑊 𝑑𝑡
 (23) 

Note that these definitions are in accordance with the SEPEMO definitions for SPFs 
[38]. The subscript ℎ stands for heating. 

The system was fully monitored over two different periods: April and June 2017. During 
these periods, the heating demand is relatively low compared to the nominal capacity 
of the system. The temperature in the ground is higher than during winter operation, 
which may lead to higher COPs and SPFs. 

The average 𝐶𝑂𝑃 ,  is given in Table 2 for each module during the two different periods. 
It can be seen that performances in spring are lower than in the summer, due to a 
higher source (ground) temperature and lower sink temperature (building). The 
performance of M2 appears somewhat lower than the other modules, especially during 
summer. This is because M2 is mostly used to produce DHW during summer time, 
thus delivering heat at higher temperatures. HP2 (with R407C) seems to be performing 
better than HP1 (with R410A), even when comparing to M1 exclusively. Granryd et al. 
[23] indeed report high theoretical performances for R407C than R410A (see appendix 
B in [23]). 

Table 2. Average 𝐶𝑂𝑃 ,  for each module during early spring and summer 

 
HP1 HP2 

M1 M2 M3 M4 

Early spring (April) 3.63 3.54 4.28 4.13 

Summer (June) 4.92 3.63 5.19 4.96 

  



43 
 

 
Figure 34. System 𝐶𝑂𝑃 ,  and 𝐶𝑂𝑃 ,  for different modules during couple of hours in 

June 2017 

Figure 34 shows the system 𝐶𝑂𝑃 ,  and 𝐶𝑂𝑃 ,  during a couple of hours in the summer 
period. The fact that M2 delivers DHW is illustrated by the drop in COP that occurs 
every time the module works. Notice that the modules with the highest 𝐶𝑂𝑃 ,  are not 
necessarily those with the highest 𝐶𝑂2. Indeed, the difference between both COPs is 
smaller in the case of HP1 than HP2. This is explained by their capacity difference (60 
kW for HP1 against 40 kW for HP2), 𝑄  is higher for HP1, while the circulation pumps 
power is more or less similar. 

The average COPs for the summer period are of 4.41 and 3.42 for 𝐶𝑂𝑃 ,  and 𝐶𝑂𝑃 , , 
respectively. The difference is quite large due to the large flow rates occurring in the 
borehole loop, which are unrelated to the heat extraction rates, lower in summer. 

Thus, it would make sense to control the pump speed depending on the actual heat 
extraction rate of the system, through the temperature difference over the evaporator 
for instance. 

Something else than can noticed from Figure 34 is that the operation cycles are rather 
short. In fact, in most cases, the secondary fluid will not manage to make a complete 
lap in the borehole loop. This could be of interest for modelling purposes as a quasi-
steady-state regime would not establish in the borehole. 

Figure 35 shows the energy consumption shares between circulation pumps and 
compressors for the summer period. The shares between modules is also shown. The 
circulation pumps on the borehole side (CPb1, CPb2, CPb3) represent about 22% of 
the total energy consumption, which is a large share. 
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Figure 35. Energy consumption shares between compressors and circulation pumps 

during summer 

Figure 36 shows four different graphs with measured or calculated values over a six 
months period. The secondary fluid inlet and outlet temperatures are displayed in the 
top left graph. The outlet temperature is in fact an average of the outlet temperatures 
of the 4 boreholes, which varies from one another possibly due to different flow rates, 
different depths or different geometrical parameters in each of them. Temperatures 
lower than 0.5°C already occur during the second winter of operation. During winter, 
operation seems to be more continuous than during summer time due to more 
continuous demand. The demand is however varying whereas the flow rate is not 
significantly changing (around 10 or 12 m3/h). This can be also be seen in the top right 
graph showing the pumping power of the main circulation pump (CPb3). 

The bottom left graph displays the water temperature at the inlet and outlet of the 
condensers. These two temperatures are increasing in time as the outdoor 
temperature decreases; indeed, lower outdoor temperatures will require higher 
temperature to be supplied to the radiators in the buildings. The temperature difference 
between inlet and outlet seems somewhat constant but varies in fact between 4.3 to 
6.6 K. 

The bottom right graph shows the power extracted from the boreholes, positive values 
corresponding to heat extraction. Negative values are just an artifact due to start-up 
and shutdown operations but no active heat injection occurs in this system. During the 
winter season, the highest measured specific peak loads are of about 34 W/m (70 kW). 

It would be interesting to look at the pumping / compressor energy proportion of Figure 
35 also in winter. This pumping energy share might be large in summer but low in 
winter leading to suboptimal performance in both cases. 
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Figure 36. Secondary fluid temperatures (top left), main circulation pump (CPb3) power consumption (top right), water temperatures 
at condensers inlet and outlet (bottom left) and heat extraction rate (>0) from the boreholes (bottom right) over a six months period 
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3.3. Rosendal Inspiration: 22 x 335 m grouted boreholes 

3.3.1. Background 

Rosendal Inspiration is a real-estate property in Uppsala composed of 344 
appartments. The building was completed in 2017 and has the particularity of having 
a running track and a basketball field on its roof. 22 boreholes of 335 m depth were 
drilled as part a GSHP system that supplied the property with heating. 

The building is located close to an active groundwater area and it was decided to grout 
the borehole in order to avoid contamination issues. This is what makes this installation 
special: 335 m is not necessarily deep for Sweden but these boreholes are deep for 
being grouted boreholes. The boreholes are equipped with U-pipe BHEs. The local 
geology is found to be a top soil layer of clay and/or sand of about 6 m above a layer 
of hard rock. This is in accordance with models from SGU [39]. 

According to a planning drawing, the boreholes have different inclinations although all 
boreholes end up below the building. 

3.3.2. DTRTs before and after grouting 

Two DTRTs were performed in one of the boreholes. The first DTRT was performed 
when the borehole was groundwater-filled while the borehole was grouted during 
second test. This gave a rather unique possibility to test the difference between water 
filling and grouting in such a deep borehole. 

The test rig used for performing tests is described in [40]. 

The following section is a translation from a previously delivered report written in 
Swedish with contributions from Husni Firmansyah. The analysis is divided in two 
sections: TRT and DTRT. In the TRT section, only “above-ground” sensors are used 
to perform the analysis while down-the-hole sensing is used in DTRT analysis. 

The Newton-Raphson optimization algorithm is used to find the results (see Appendix 
2) 

There are a number of limitations to this study: 

 DTS data is calibrated on-site with one bath only. The calibration procedure was 
not fully satisfactory. 

 During the second DTRT, temperatures could be only be measured in one of 
the U-pipes. 

 The model used to calculate local values of thermal conductivity and borehole 
thermal resistances is the ILS. If thermal conductivity or the local specific heat 
rate varies with depth, intrinsic assumptions about the ILS are violated. 

 The local borehole resistance is calculated as the difference between the 
borehole wall temperature and the local average fluid temperature (see 1.3.5). 

 The delay between the two tests is relatively short although the temperature 
profiles before each test are compared and time superposition is used. 
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TRT Analysis 

 

First TRT: water-filled borehole 

 

Results: 

 

 

 

 
Figure 37. Average temperature increase of 

the secondary fluid as a function of time 
during the first TRT (water-filled borehole) 

Second TRT: grouted borehole 

 

Results: 

 

 

 

 
Figure 39. Average temperature increase of 

the secondary fluid as a function of time 
during the second TRT (grouted borehole) 
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Figure 38. Power (blue) and flow rate (red) 
as a function of time during the first TRT 

The average values of flow rate and power 
are of 0.88 l/s and 6 kW, respectively, during 
the optimization period. 

 

Figure 40. Power (blue) and flow rate (red) 
as a function of time during the second TRT 

The average values of flow rate and power 
are of 0.67 l/s and 8.7 kW, respectively, 
during the optimization period. 

 

The TRT results for water-filled borehole are 
obtained by choosing an optimization period 
during the first test. The period between 65 
and 120 hours is chosen. The effective 
thermal conductivity (𝜆∗) and the effective 
borehole thermal resistance (𝑅∗) are 
determined through parameter estimation 
(inverse modelling) using the ILS model. 

The curve fitting is presented to show the 
agreement between measured data and 
calculation. 

The best estimates for 𝜆∗ and 𝑅∗  in the water-
filled case is of 4,05 Wꞏm-1ꞏK-1 and 0,12 
mꞏKꞏW-1, respectively. 

 

The analysis regarding the grouted borehole 
was performed with the optimization period 
70-140 hours. 

The best estimates for 𝜆∗ and 𝑅∗  is then of 
2,71 Wꞏm-1ꞏK-1 and 0,084 mꞏKꞏW-1, 
respectively. 

 

In Figure 37 and Figure 39, it is possible to see curve fittings are good for the test that is 
being analysed, i.e. when the optimization is done during the first test, the curve fitting is 
good for that test and worse for the other test and vice versa. This may indicate that the 
material inside the borehole significantly influences the temperature response, which, in turn, 
affects the thermal conductivity results since the model assumes a uniform ground. 

Another explanation could be that the grouting material penetrated in the ground through 
cracks or pores and really influences the thermal conductivity around the borehole. There is 
groundwater activity in the area which may have affected the test results if the conditions 
were not similar in both cases, e.g. if the grouting process affects the groundwater flow 
around the borehole. 
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Yet another explanation is that the grouting process is exothermic, which would influence 
the temperature in the ground between the two tests. This effect could however be discarded 
as the temperature profiles measured through fiber optic cables showed even a little bit lower 
temperature before the second test as compared to before the first test. 

It is hard to compare 𝑅∗  between the grouted and water-filled cases since 𝜆∗ and the flow 
rates are different in each test. it can be noticed that 𝑅∗  is higher in the first test despite a 
higher flow rate. This could however be due to a higher 𝜆∗ (the two parameters compensating 
each other), and it is unfortunately hard to assess how the the material in the borehole truly 
affects 𝑅∗ . 

There is no clear explanation to the observed difference between the grouted and water-
filled cases. For operation optimization, it is nevertheless recommended to use the values 
found in the second TRT, that is those found after the borehole was grouted. 

 

 

DTRT Analysis 

 

First DTRT: water-filled borehole 

 

 

 

 
Figure 41. Local values of thermal 

conductivity with depth obtained from the 
first DTRT 

Second DTRT: grouted borehole 

 

 

 

 

 
Figure 43. Local values of thermal 

conductivity with depth obtained from the 
second DTRT 
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Figure 42. Local values of borehole thermal 
resistance with depth obtained from the first 

DTRT 

 
Figure 44. Local values of “borehole thermal 

resistance”1 with depth obtained from the 
second DTRT 

 

Figure 41, Figure 42, Figure 43 and Figure 
44 show the local values of thermal 
conductivity (𝜆) and borehole thermal 
resistance (𝑅 ). 𝜆 and 𝑅  are estimated in the 
same way as in the TRT analysis except the 
inverse modelling and optimization is applied 
along the depth. 

Note that that 𝑅  is here defined as 

𝑅 𝑧  where 𝑇  is the 

temperature at the borehole wall, 𝑇 𝑧  is the 
local average value of secondary fluid 
temperatures and 𝑞  is the average power 
per meter. 

The estimation of 𝜆 och 𝑅  from DTRT seem 
consistent with TRT results. It is however 
hard to compare the results as it is not 
exactly the same value that is calculated 
(local vs. effective) 

𝜆 and 𝑅  profiles are somewhat uniform with 
depth, which is caused by the parameter 
estimation being performed during heat 
injection, when the secondary fluid is 
circulated in the BHE. 

 

In the grouted case, the calculated 𝑅  
decreases with depth. At the same time, 𝜆 
increases with depth. Both effects are due to 
the measurement setup; indeed, in this case, 
the fiber optic cables could only be used in 
the warmest of the two U-pipe’s legs. This 
leads to an overestimation of 𝑅  and 
underestimation of 𝜆, especially in the top 
part of the borehole. 

 

 
Figure 47. Secondary fluid temperature in 
the warmest of the two U-pipe’s legs vs. 
time and depth during the second DTRT 

 

                                            
1 It is not actually the borehole thermal resistance that is shown in Figure 44 since temperature is only measured in the warmest of 
the U-pipe’s legs. Hence the presented values are an overestimation of the actual local borehole resistances as it overestimates the 
average fluid temperature. 
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The circulation evens out the temperature 
response with depth, hardening the potential 
detection of layers with different thermal 
properties. 

 

 
Figure 45. Average secondary fluid 

temperature vs. time and depth during the 
first DTRT 

The temperature profiles that are shown in 
Figure 45 (obtained from DTS) seem 
influenced by outdoor air temperature (see 
also 3.1.3). A correction based on a 
comparison between TRT and DTS data was 
therefore applied. The corrected temperature 
profiles are shown in Figure 46. 

 
Figure 46. Corrected average secondary 

fluid temperature vs. time and depth during 
the first DTRT 

Without further investigation, it is hard to 
make conclusions about 𝑅  and 𝜆 but the 
following points can be made: 

 𝑅  is overestimated and 𝜆 
underestimated since it is the 
warmest of the two legs that is used 
for calculation 

 𝜆 is less influenced than 𝑅  by the 
measurement condition (this can be 
seen when comparing values to TRT 
results) 

 The values found at the bottom of the 
borehole should be reasonnable as 
they are not affected by the 
measurement condition 

 

Conclusions 
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There is a noticeable difference between the results obtained when the borehole was water-
filled and when it was grouted. The calculations show different effective borehole thermal 
resistances (𝑅∗) and, more surprisingly, different effective thermal conductivities (𝜆∗) 
depending on the material in the borehole. 

Even the temperature measurements along the depth leads to different values of thermal 
conductivity and borehole resistance. 

Some possible explanations are given although none of them can be verified. 

For operation optimization, it is nevertheless recommended to use the values found during 
the second TRT, i.e. those found after the borehole was grouted. 
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4. Build a laboratory-scale borehole 
thermal storage 

Parts of this section are inspired or taken from an article that will be published at the 
IGSHPA second research track organized by KTH. The article is available in Appendix 
4. The laboratory-scale borehole thermal storage is referred to as LABS. 

In the GSHP research community, many authors have focused on developing 
analytical and numerical models or methods to predict temperature changes in 
borehole fields, with the aim to improve the accuracy of GSHP design. However, due 
to the slow transitory nature of heat transfer phenomena in long boreholes, long-term 
experimental and monitoring studies have been scarce. This has been emphasized in 
the literature [41]–[45]. Spitler & Bernier [45] identified the relevance and usefulness 
of long-term monitoring of thermally unbalanced borehole fields. 

Some installations have been monitored over longer periods of 1 to 5 years [42], [43], 
[46] although none of the studies has been used to validate ground heat transfer 
models. In fact, validation of ground heat transfer models in real systems is harden by 
the long time scale involved. Moreover, uncontrolled or unknown parameters such as 
groundwater flow, thermal properties or geological conditions may complicate the 
validation process in real installations. Practical difficulties such as data gaps, unknown 
control strategies or lack of documentation may also arise. Additionally, uncertainties 
are hard to assess in operating systems and rarely reported. 

An alternative is to perform lab experiments in small-scale physical models. Such 
laboratory apparatuses are attractive because the time scale is reduced and the tests 
can be performed in a controlled environment. A lab-scale apparatus was successfully 
built by Cimmino and Bernier [41] based on a previous work [47]. The authors obtained 
an experimental TRF that could be compared to a semi-analytical method. In the 
reviewed literature, this is the only attempt to validate ground heat transfer models on 
the long-term. A discrepancy between the experimental TRF and the analytical one 
was observed, although the difference is comprised within the measurement 
uncertainty at a 95% confidence level [41]. The authors proposed an explanation for 
this observed difference based on the air temperature variation above the tank, though 
the proposed correction did not fully succeed in reproducing the observations. The 
present article proposes another explanation for the difference based on scaling laws 
and natural convection. Other lab-scale models were constructed although their use 
was limited to analysis of short-term models or other purposes [48]–[51]. 

This chapter first presents the design process and sizing of a LABS simulating multiple 
vertical BHEs in the two first sections (4.1 and 4.3). The design process is based on 
an analytical scaling analysis as well as a numerical model which is a modified version 
of the model presented by Monzó et al. [52]. Additionally, some technical, practical and 
uncertainty limitations are used as constraints to determine the different design 
parameters. 

A second section is dedicated to the construction of the LABS and adjustment of some 
design parameters due to practical constraints. 
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4.1. Design of the LABS – Methodology 
The main goal of the design work is to determine adequate dimensions, materials and 
conditions for the LABS, which was preliminary thought as a vertical cylindrical 
container filled with a material simulating the ground and in which boreholes are placed 
at the center as shown in Figure 48. This figure also includes important parameters to 
be determined under the design process. The first step in this scaling process is to 
ensure that the solutions obtained with the LABS will be the same as for the real-scale 
model. A general analytical analysis of the effect of downscaling on the heat transfer 
phenomena is thus performed at first. Then, the borehole field to model is chosen, as 
well as the LABS size and related time scale. A preliminary selection of materials must 
also be performed before numerical simulations can be performed. Although seemingly 
sequential, the design procedure has consisted of many iterations and cross-
investigations. 

4.1.1. Scaling analysis 

Some scaling requirements may be obtained analytically by stating the governing 
equations for the real and lab-scale cases. Assuming constant and uniform thermal 
properties, the two heat equations may be written, respectively, as 
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Figure 48. Preliminary outline of the lab-scale model (LABS) including important 

design parameters to be determined 

Note that the apostrophe symbol is be used to refer to the lab-scale parameters and 
variables. For similar Initial Condition (IC) and Boundary Conditions (BCs), the 
behavior of the real and lab-scale cases will be the same if the governing equations 
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are the same. By introducing a proportional and isotropous geometrical scaling factor, 
β, a thermal diffusivity scaling factor, γ, as well as a time scaling factor, τ, such that 

 𝛽
𝑟
𝑟

𝑧
𝑧

𝐻
𝐻

   ;    𝜏
𝑡
𝑡

   ;   𝛾
𝛼
𝛼

  (25) 

and applying the corresponding change of variables to the first eq. in (24), the latter 
may be rewritten as 
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Note that 𝜑 𝜑  and that an anisotropic scaling would set requirement for an 
anisotropic material in the LABS, which is difficult to achieve. For similar IC and a set 

of BCs, the 2nd eq. in (24) and eq.(26) have the same solution if  which is 

equivalent to the invariance of the Fourier number: 𝐹𝑜 𝐹𝑜  or 𝐹𝑜

𝐹𝑜 . Therefore, as expected, the Fourier number must be conserved, constituting a 
first scaling requirement. One of the advantages of downscaling becomes clear from 
the previous eq., as 𝜏 is proportional to 𝛽, which takes large values 𝛽 ≫ 1 . 

As previously mentioned, the IC and BCs must also be analogous in order to obtain 
the same solution in the real and LABS cases. Dirichlet BCs will not be affected by the 
downscaling as opposed to Neumann and convective BCs. Such BCs may arise at the 
borehole wall, as well as the bottom and top boundaries. At the borehole wall, a 

Neumann BC is expressed as 𝜆 𝑟 , 𝑧, 𝑡  , ∀ 𝑧, 𝑡 ∈ 𝐷; 𝐻 ℝ ∗ , where 𝐷 

is the buried depth. Applying the same change of variable as for the heat equation, one 

obtains 𝑞 𝑞 ∙  , constituting a second requirement. Hence, the linear heat flux is 

slightly modified when downscaling. 

Similarly, relations may be obtained for the geothermal heat flux BC and the top 
convective BC 

 𝜆
𝜆

𝛽𝑞 𝑞    and   
𝜆
𝜆

𝛽ℎ ℎ  (27) 

Eq.(27) also become requirements if the BC applied at the top and bottom of the model 
are a convective and a Neumann BC, respectively. The 𝛽 appearing in eq.4 implies 
large increases in the equivalent geothermal heat flux and convection coefficient when 
downscaling the model 𝛽 ≫ 1 . For instance, a 300 m deep borehole field modelled 
by a 0.5 m LABS will lead to 𝛽 600. Assuming a natural convection coefficient of 10 
W∙m-2∙K-1 on top of a real-scale system, the required convection on top of LABS would 
be of 6000 W∙m-2∙K-1 for equal thermal conductivities. Thus, forced convection will likely 
be required at the top of the LABS to reproduce the behavior of real-scale installations 
having natural convection as top BC. Note that radiation is considered to be accounted 
for in the convection coefficient. 

It is later shown that a Neumann BC with a typical natural convection coefficient of 10 
W∙m-2∙K-1 leads to similar results than a Dirichlet BC in the real-size case but not in the 
LABS case. 
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4.1.2. Choice of the borehole field to be modelled and sizing 
criteria for the LABS 

Borehole field to be modelled. In order to perform a downscaling, the geometry of 
the real-scale borehole field must be set. A 4x4 borehole field has been arbitrarily 
chosen with the intention to observe thermal interactions between boreholes. Since 
TRFs only depend on non-dimensional geometrical parameters (𝑟∗, 𝐵∗ and 𝐷∗ 𝐷/𝐻) 
for a given configuration, only those values need to be chosen in theory. However, for 
the purpose of the design, a borehole field with the following fixed geometrical 
parameters is chosen as a starting point for the downscaling process: 𝐻 = 300 m, 𝑟  = 
5.75 cm and 𝐷 𝐵 = 5 m corresponding to 𝑟∗ = 1.92ꞏ10-4, 𝐵∗ 𝐷∗ = 1.67ꞏ10-2. 

Sizing criteria for the LABS. The sizing of the LABS consists of two parts. The 1st 
one is the determination of 𝛽 or, in other words, 𝐻 while the 2nd part is the determination 
of the dimensions of the LABS, 𝐻  and 𝑟 . 𝐻  is set as 50 cm, corresponding to 𝛽 = 
600, because this leads to a test duration of about a few days, which is what is wanted. 
The test duration is determined as the time at which the solution approach asymptotic 
condition (eq.(29)). A 𝐻  value of 50 cm is also considered a reasonable size for 
laboratory facilities although it implies reaching a challenging 0.11 mm for 𝑟 , given the 
parameters chosen in the previous paragraph. This radius issue is discussed later in 
the paper. 

The dimensions of the LABS must be designed so that it fits in laboratory facilities; the 
maximum allowable size is thus arbitrarily set as 1.8 m in height and width. The size 
also affects the LABS mass that may be significant. To exactly determine the required 
dimensions of the LABS for 𝛽 = 600, sizing criteria must be defined. The LABS 
boundaries should influence as least as possible conduction in the simulating ground 
over the test duration. Since the main goal of the LABS is to generate and validate 
TRFs, the sizing criteria may arbitrarily be defined as 

 Δ𝑇 𝑟 , 𝑡 Δ𝑇 𝑟 , 𝑡 0.5 ∙ 𝑈 𝑇, 95%  (28) 

where Δ𝑇 𝑟 , 𝑡  is the depth-integral mean of the temperature increase at the 
borehole wall at the end of the test, 𝑡 , emanating from a reference model with a large 
domain; thus one in which the boundaries negligibly influence the TRF. 𝑈 𝑇, 95%  is 
the expanded uncertainty of temperature measurement at the borehole wall at a 95% 
confidence level. The targeted value for 𝑈 𝑇, 95%  is 0.5 K. The criterion expressed in 
eq.5 is arbitrary but the aim is to limit the uncertainty in the determination of the TRF. 
Note that the test duration is chosen for the evaluation of criterion 5 because this is 
when the boundary effects will be the largest. The following criterion is thus used to 
determine 𝑡  

 ∀𝑡 𝑡  ,
Δ𝑇 𝑟 , 𝑡 Δ𝑇 𝑟 , 𝑡

Δ𝑇 𝑟 , 𝑡
0.5% (29) 
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4.1.3. Lab-Scale Numerical Model (LSNM) and choice of 
materials 

LSNM. To find the LABS dimensions that suit criterion (28), a Lab-Scale Numerical 
Model (LSNM) is used. A real-scale numerical model is also built to verify the scaling 
laws found in previous sections. Both numerical models are an adaptation of Monzó et 
al. [52]. It is chosen to use a numerical tool instead of an analytical one for flexibility 
reasons, for instance in the type of BCs applied. Notably, the top and bottom BCs can 
be shifted between Dirichlet or convective BC, and geothermal heat flux or adiabatic 
condition, respectively. All vertical boundaries are adiabatic. The LSNM simulates the 
4x4 borehole field presented earlier but symmetry is used to reduce the model to a 1/8 
of the original domain. Analytical analyses were also undertaken but are not presented 
here. 

Simulating ground. The simulating ground refers to the material in the LABS, as 
opposed to the simulated ground that refers to the real-scale material. The thermal 
properties of the simulating ground are of primary importance since they directly 
influence the heat diffusion process in the LABS. Indeed, a larger thermal diffusivity in 
the model will lead to shorter test durations but the heat plume will reach further away 
from the boreholes, thereby increasing the required LABS size. A lower thermal 
conductivity will on the other hand lead to a larger temperature increase that may 
create some practical problems. Another important feature of the simulating ground is 
its interchangeability, which is why saturated sand is chosen as simulating ground. The 
thermal properties assumed for the simulated and simulating ground are as follow: 𝜆 = 
3.5 W∙m-1∙K-1, 𝛼 = 1.58∙10-6 m2ꞏs-1 and 𝜆  = 3.0 W∙m-1∙K-1, 𝛼  = 7.00∙10-7 m2ꞏs-1, 
respectively [25], [53], [54]. The thermal properties of the simulating ground should be 
well characterized before experiments are to be performed. 

Structure and insulation. For practical reasons, steel was chosen as a structural 
material. Since steel has a relatively high thermal conductivity, the container should be 
thermally isolated from the ground to avoid thermal disturbances. An insulation layer 
is thus needed between the steel and the simulating ground. This insulation layer 
moreover reduces the potential thermal influence from the environing air as well as 
heat losses. Although not presented here, a 2D steady-state numerical model is used 
to assess the impact of the insulation thickness on the heat losses. The used thermal 
conductivity and heat transfer coefficient are of 0.035 Wꞏm-1ꞏK-1 and 10 Wꞏm-2ꞏK-1, 
respectively. 

4.1.4. Establishment of initial temperature gradient 

The establishment of the initial temperature gradient in the LABS from a uniform 
ambient temperature may be significantly long as compared to the actual test duration. 
A LSNM is used to assess the establishment time. The time needed for the 
establishment of the initial gradient may also be estimated analytically by superposing 
the solutions for 1D conduction in two semi-infinite solids which intersection 
corresponds to any vertical cross-section of the LABS. Each semi-infinite solid is 
applied a constant heat flux on the boundary surface, the heat fluxes being equal in 
magnitude but of opposite sign for each solid. Taking a reference depth at the mid-
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depth of the LABS and defining 𝑧 𝐻 /2 𝑧 and 𝑧 𝐻 /2 𝑧, the temperature 
increase may be expressed as such, for 𝐹𝑜 < 0.2. 

 Δ𝑇 𝑞 ∙
𝐻
𝜆

2

√𝜋
√𝐹𝑜 𝑒 𝑒 𝑧 ∙ 𝑒𝑟𝑓𝑐

𝑧

2√𝛼𝑡
𝑧 ∙ 𝑒𝑟𝑓𝑐

𝑧

2√𝛼𝑡
 (30) 

4.2. Design of the LABS – Results from numerical 
modelling and discussions 

4.2.1. Verifications of the real-scale numerical model 

The real-scale numerical model is not validated per say but several verifications have 
been performed in order to ensure the reliability of the results. In this part, the model 
has Dirichlet and adiabatic BCs at the top and bottom boundaries, respectively. The 
first verification regards the steady-state distribution of heat flow between boreholes 
which is in accordance with that of Cimmino [55]. The second verification performed is 
a comparison between the LSNM, the Infinite Line Source (ILS) and Lazzarotto and 
Björk [56]. Results from the LSNM are in accordance with those two analytical models 
as shown in Figure 49 (only at early times for the ILS). The largest relative difference 
between Lazzarotto and Björk and the numerical g-function is of 4.0% at 𝑙𝑛 𝑡/𝑡  = -
5.5. This difference tends to be reduced when a finer discretization is used for the 
stacked-FLS model of Lazzarotto and Björk (40 elements are used). 

4.2.2. Real-scale numerical model vs LSNM 

In order to verify the scaling relations expressed previously, the real-scale numerical 
model presented in the previous section is compared to a LSNM, with similar geometry 
but different thermal properties. 

 
Figure 49. Verification of the real-scale numerical model using analytical models 
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Note that thermal properties do not affect TRFs but are important in downscaling the 
BC. 𝛽 = 600 is used leading to 𝑟 𝐻  = 1.4 m and 𝐻  = 50 cm. Geothermal heat flux 
is applied to both the real-scale numerical model and the LSNM. Geothermal heat flux 
means an initial vertical temperature gradient making the determination of the g-
function not formally possible. However, a TRF may be defined in a similar way as 𝑇

𝑇 𝑇𝑅𝐹 𝑟∗, 𝐵∗, 𝐷∗, 𝑡∗ . The maximum absolute relative difference between the 

TRF obtained with the real-scale model and with the LSNM is of 15% at early times. 
The difference is lower than 2.6% after 𝑙𝑛 𝑡/𝑡 12, corresponding to 16 hours in 
the real-scale application. This relative difference shows a decreasing trend as time 
increases, reaching values as low as 0.05 % towards the simulation end. The LSNM 
thus give very similar result to the real-scale numerical model on the long-term. 

4.2.3. Ground dimension of the LABS 

The ground dimension of the LABS is determined according to the criteria given in 
eq.(28) and (29). A LSNM with the same scaling factor as previously used (𝛽 = 600) 
but of radius and height 5 m is used to generate the reference solution mentioned in 
eq. (28) and (29). This reference solution is then utilized to determine 𝑡 . It is found 
that 𝑡   is about 131.8 hours (5.5 days). This corresponds to a non-dimensional 
logarithmic time, 𝑙𝑛 𝑡 /𝑡 , of 2.48. LSNMs of different dimensions are then run to find 
a size matching the criterion expressed in eq.(28). 

Each model has equal radius and height. The resulting differences in borehole average 
temperature between the reference solution and the solutions for the different LSNM 
sizes are shown in Fig 51. 

 
Figure 50. TRFs for real-scale and LSNM for a 4x4 borehole field with 𝑟∗ = 1.92ꞏ10-4 

and 𝐵∗ 𝐷∗ = 0.0167 
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Figure 51. Difference in borehole average temperature between the reference 

solution and the solutions for different model sizes. The height, 𝐻 , and radius, 𝑟 , 
are equal. 

These differences are shown for two different dimensionless times corresponding to 
the two different colored sets of points in the figure. The limit in criterion (28) is also 
represented by the black dashed line. The smallest model that satisfies eq. (28) has a 
height and radius of 1 m. This model has an average borehole temperature 0.19 K 
higher than the reference model at 𝑙𝑛 𝑡 /𝑡  = 2.48. The difference increases to 0.72 
K at 𝑙𝑛 𝑡 /𝑡  = 4. The sand mass for such a model would be around 4.9 tons. 
Nevertheless, in the same way as the LSNM domain can be reduced to a 1/8 cylinder 
by applying symmetry, the LABS size may be reduced as to limit its weight. It is chosen 
to reduce the LABS to a 1/4 cylinder in order to avoid the physical modelling of half 
boreholes. The sand mass is then reduced to 1.2 tons. 

4.2.4. Challenges with the borehole radius 

A problem arising from the chosen scale factor (𝛽 = 600) is that the borehole radius 
becomes very small in the LABS: 𝑟  indeed turns out as 0.2 mm, which is challenging 
to reproduce in a physical model. As the results are scale-independent, one could 
decrease 𝛽 in order to increase the borehole radius. This would however lead to 
unrealistic dimensions for the LABS: a borehole radius of 2 mm would for instance 
mean a LABS of 10 m in radius and height. This issue could be bypassed by 
considering that the LABS simulates shorter boreholes, thereby reducing 𝛽. The limits 
of this method may, however, be noted as the increase in borehole radius is directly 
proportional to the reduction in borehole depth; a 2 mm borehole radius in the LABS 
would then limit the simulated real-scale borehole depth to about 30 m. Another 
method is to use a correction factor such as the one suggested by Eskilson [57], 

 𝑔 𝑟∗, 𝐵∗, 𝑡∗ 𝑔 𝑟∗, 𝐵∗, 𝑡∗ ln 𝑟∗/𝑟∗  (31) 

which is derived by assuming steady-state radial conduction between the two radii. 
This approximation may be valid for small differences in radius but axial effects may 
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become important for larger ones, leading to underestimated values of the TRF for 
large times. On the contrary, the correction will lead to overestimated values of the 
TRF for short times, when the quasi-steady-state regime has not yet been established 
between the two considered radii. These two features can be observed in Figure 52 
that shows the numerically-generated TRF for three different 𝑟∗ in graph (a), while 
graph (b) shows the same TRF corrected with eq.8. Note that a more accurate 
correction factor could be derived from analytical or numerical analysis but this is left 
to a later stage of the project. Anyhow, experimentally-obtained TRF for a given 𝑟∗ 
would allow the determination of other TRF corresponding to different 𝑟∗ values. 

 
Figure 52. Influence of the borehole radius-to-depth aspect ratio on the numerically 
generated TRF for a 4x4 borehole field: (a) without correction, (b) with Eskilson’s 

correction 

4.2.5. Influence of the top convective boundary condition 

As noted in previous sections, the convection heat transfer coefficient, ℎ , at the top 
boundary layer must be scaled up when downscaling the borehole field. Values of 
ℎ  around 10 Wꞏm-2ꞏK-1 can be expected at the top of real size borehole fields, 
corresponding to a ℎ  of 5142 Wꞏm-2ꞏK-1 given the chosen scale factor and thermal 
conductivities. The latter value is challenging to achieve; hence, the influence of ℎ  
and, thus, ℎ , is evaluated using the LSNM in order to assess the possible deviations 
in TRF for lower ℎ , namely 514.2, 51.42 and 5.142 Wꞏm-2ꞏK-1 corresponding to ℎ  of 
1, 0.1 and 0.01 Wꞏm-2ꞏK-1. Note that the ambient temperature is set as 0°C. 

The resulting TRFs are shown in Figure 53 together with the TRF obtained for constant 
temperature BC at the top. As could be expected, decreasing ℎ  leads to increasing 
TRF values. At ln 𝑡/𝑡  = 4, relative differences with the TRF generated with constant 
temperature BC are of 0.4%, 3.1%, 15.4% and 54.2% for ℎ  of 5142, 514.2, 51.42 and 
5.142 Wꞏm-2ꞏK-1, respectively. It may be observed that a ℎ  of 10 Wꞏm-2ꞏK-1 in a real 
size borehole field (ℎ  = 5142 Wꞏm-2ꞏK-1 in the LABS) leads to an almost identical TRF 
than with the constant temperature BC. 
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A ℎ , of 514.2 Wꞏm-2ꞏK-1 leads to a reasonable error while being easier to achieve than 
5142 Wꞏm-2ꞏK-1. A value of 514.2 Wꞏm-2ꞏK-1, or higher, can be reached by circulating 
constant temperature water in micro-channels or by using a phase-change material 
[58]. Note that the diverging TRF for ℎ  = 5.142 Wꞏm-2ꞏK-1 is due to the finite size of 
the LSNM, the adiabatic BC on the sides and the close-to-adiabatic BC at the top. 

As previously noted, the top BC appears to have been left uncontrolled in Cimmino 
and Bernier [41], entailing natural convection on the surface. In those conditions, one 
may expect ℎ  values between 1 to 6 Wꞏm-2ꞏK-1. Considering radiation, heat transfer 
coefficients could go up to 15 Wꞏm-2ꞏK-1 [30]. A LSNM reproducing as faithfully as 
possible the conditions reported by Cimmino and Bernier [41] is made using values of 
ℎ  of 1 and 10 Wꞏm-2ꞏK-1, as well as a Dirichlet BC on top. The results are shown in 
Figure 54 which also displays results for ℎ  = 10 Wꞏm-2ꞏK-1 and borehole radii changing 
by ± 0.5 mm due to the uncertainty on the actual borehole radius used during the tests. 
A convection coefficient of 10 Wꞏm-2ꞏK-1 seems to reproduce fairly well the behavior 
observed during their test with differences of 3.5% and 1.1% at the first and last 
reported time points, respectively. This could thus be one of the reasons for the 
observed discrepancy between the experimental and analytical results in Cimmino and 
Bernier [41]. 

 

 
Figure 53. Influence of the top BC convection heat transfer coefficient on the TRF for 

4x4 borehole field 
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Figure 54. Numerical reproduction of the test performed by Cimmino and Bernier [41] 

4.2.6. Heat losses and establishment of initial temperature 
gradient 

Heat losses through vertical plates. Heat losses through the side of the LABS have 
so far been disregarded but it is important to limit those losses as much as possible to 
improve accuracy. A 2D steady-state model of the LABS corner is used with the radial 
temperature from the LSNM at 0.5 m depth and 𝑙𝑛 𝑡/𝑡  = 4.4 as the inner BC and a 
heat transfer coefficient of 10 W.m-2.K-1 as outer BC. The maximum relative heat loss 
is found to be 8.2% and 3.8% for 5 cm and 10 cm insulation thickness, respectively, 
as compared to the heat injected in the LABS. Although this calculation represents a 
worst-case scenario, the losses are relatively high. This could be improved by adding 
insulation on the outer part of the metallic structure as well as reducing the radiation 
losses using a low-emissivity layer. The corner of the LABS should be particularly well-
insulated as the temperature there will be higher and the heat losses will moreover 
directly affect the thermal response because of the direct proximity with the boreholes. 

Establishment of initial temperature gradient. Using the analytical model described 
previously, it is found that the steady-state condition is reached after about 70 hours. 
This, however, corresponds to an ideal situation in which an extraction heat flux of 
same magnitude as the geothermal heat flux can be maintained at the surface. A 
numerical simulation shows that the time for establishment of the initial temperature 
gradient keeping a constant temperature at the top BC could be as long as 30 days. 
Hence, the establishment of the initial temperature gradient may be a time-consuming 
process that ought to be optimized to reduce test duration. Similarly, the recovery 
period – not studied here – could be optimized to avoid long waiting time between 
tests. 
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4.3. Construction of the LABS and practical aspects 

4.3.1. Components and instrumentation 

A schematic of the different components and transducers is presented in Figure 55. 
Note that point 7 is labelled as fluid temperature controller and this is either a heater 
or a cooling unit (e.g. Peltier element). Temperature will be monitored at different 
locations in the LABS; the temperature around the 4 boreholes is of particular interest 
and at least 10 sensors is planned to be installed per borehole. As the dimension of 
the borehole is very small the temperature sensors should be preferably small to have 
a measurement as non-intrusive as possible. Thermocouples of core diameter 0.08 
mm were chosen for temperature measurements close to the borehole walls. 
Considering the coating and both metal cores, the diameter of the cable is 0.7 mm. 
The thermocouples are shown in Figure 56 with a key as reference object for scale. 

 
Figure 55. Schematic of the different components of the LABS test rig 

 
Figure 56. Thermocouple to be used as temperature sensor in the center of the 

reduced-scale borehole field (key used as size benchmark) 

4.3.2. Borehole Heat Exchangers 

For the BHEs, tubes of inner diameter 0.7 mm are chosen. The BHEs are chosen to 
be U-tubes. A picture of the bend of one of the U-pipes is presented in , using again a 
key as reference object. 
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Figure 57. Reduced-scale U-pipe (key used as size benchmark) 

Pipes of diameter as small as 0.13 mm could be found on the market but such small 
dimensions led to pressure drop issues. Table 3 shows pressure drop for different inner 
pipe diameter. Note that the flow rate is fixed by using a power heat injection rate of 
about 22 W/m (44 W total) and fixing a constant temperature difference over the BHE 
of 3 K. 

Table 3. Pressure drop and Reynolds numbers for different inner pipe diameters 

𝐷 𝑚𝑚  0.4 0.5 0.6 0.7 0.8 0.9 1 
𝑅𝑒 2792 2234 1861 1596 1396 1241 1117 

𝛥𝑃 𝑏𝑎𝑟  27.251 9.78 2.80 1.51 0.89 0.55 0.36 

 

4.3.3. Structure, insulation and heater 

A picture of the structure and insulation is presented in Figure 58 where the same key 
is again used as reference object. Cellplast Jackofoam XPS® of 100mm thickness is 
chosen to be the inner insulation. The form of the material is solid plastic board, with a 
thermal conductivity of 0.036 𝑊/𝑚.𝐾. This expanded cellular plastic is made of 
extruded polystyrene and is waterproof. 

The lower face of the heater used to simulate the geothermal gradient is presented in 
Figure 59. 

  
Figure 58. Structure of the LABS with insulation (key used as size benchmark) 

                                            
1 Calculated considering laminar flow regime 
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Figure 59. Heater used to simulate the geothermal gradient (key used as size 

benchmark) 

A copper plate is used to distribute the heat as uniformly as possible on the horizontal 
direction. The heater is able to provide about 130 W of heating and the power can be 
regulated by changing the input voltage (hence the voltage transformer seen in Figure 
59). 

4.3.4. Future work 

The construction of the LABS needs to be completed and the first tests performed. The 
next steps in the construction process are: 

 Filling up the container with sand and making sure the sand is compact and 
saturated 

 Testing the pressure drop in each U-tube and in the combined system to ensure 
even distribution of flow rate 

 Assembling the hydraulic system of the boreholes 

 Assembling the hydraulic system of the micro-channel heat exchanger (top BC) 
or find an alternative solution to preserve the top BC (e.g. PCM) 

 Characterizing the thermal properties of the saturated sand in the lab 

 Installing the data acquisition system and sensors 

 Designing the control system 

 Performing the first tests and potential adjustments 
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5. Calculate and analyze how KTH’s new heat 
pump system could operate at least 5% 
more efficiently using some coaxial BHEs 
within reasonable temperature limits 

This chapter is partly inspired from a yet non-published master thesis that was 
supervised by the first author [59]. 

5.1.1. Presentation of the heat pump system at KTH 

In 2013-2014, Akademiska Hus, owner of most of the buildings on the KTH campus, 
decided to install two heat pumps and two cooling machines as part of its production 
of locally-distributed heating and cooling. The local district heating networks of KTH 
are shown in Figure 60 [60]. The local cooling network mainly provides cooling to the 
KTH supercomputer (PDC), hence base load cooling is required all year round as 
shown in Figure 61. 

The main reason for installing heat pumps and cooling machines was reduction of 
costs. The difference in energy figures before and after installation of the two heat 
pumps and cooling machines is presented in Table 4. The purchased energy is 
reduced by more than 50% between 2011 and 2015-2016. The heat pumps and 
cooling machines are installed in a two-stage-like configuration, although the 
connection between the condensers of the cooling machines and the evaporators of 
the heat pumps is made through an intermediary secondary fluid loop (brine). This 
intermediary loop is connected to outside air-convectors used to damp heat if needed. 

 
Figure 60. Local (VP1-4) and regular (FJV) district heating networks on the KTH 

campus [60] 
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Figure 61. Energy production shares and compressor electricity consumption in 2015 

 

Table 4. Energy figures before and after installation of the first two heat pumps and 
cooling machines  

 Before installation [GWh] After installation [GWh] 

 Jan 2011 – Dec 2011 May 2015 – Apr 2016 

Heat 35,0 29,3 

District heating 35,0 19,8 

heat pumps - 9,4 

Cooling 18,8 14,0 

District cooling 18,8 0,7 

Cooling machine - 13,3 

Electricity - 5 

Total energy 53,8 48,3 

Purchased energy 53,8 25,6 

 

Looking at the energy amounts of Figure 61, one can notice that there is still potential 
for lowering the amount of purchased energy. Indeed, in winter, the cooling produced 
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by the cooling machines is larger than the heat produced by the heat pumps; hence, 
there is surplus heat than is not used wintertime. The district heating consumption is 
moreover still large and could be reduced if more heat would be produced by the heat 
pumps. District heating is used to lift the temperature in the local heating network to 
required levels, this can be deduced from the series connection between the two heat 
exchangers of each local heating network. 

To recover a larger amount of surplus heat and produce higher temperatures with the 
heat pump system, a new heat pump was installed in 2018. A principle flowchart of the 
new system is shown in Figure 62. Note that the heat pumps condensers are 
connected in series in order to produce high temperatures. 

Additionally, some of the surplus heat produced summertime could be stored and 
reused wintertime. This is why boreholes have been considered in this installation, the 
aim being to store some surplus heat summertime and reuse it wintertime if the heat 
pumps need an extra heat source (i.e. if the power at the evaporators of the heat pump 
is larger than the heat delivered by the condensers of the cooling machines at any 
point in time). As boreholes act as heat storage, even daily mismatch between heating 
and cooling loads could be overcome. 

 

Figure 62. Principle flowchart of the new heat pump system at KTH 

One of the reasons for which deep boreholes in particular were considered is the lack 
of land area around the building in which the system is hosted. 
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5.1.2. Calculations and analysis 

Calculations as regards the size of the borehole field and how much energy can be 
stored/extracted are on-going as this report is being written and are thus not presented 
here. 
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6. Optimum flow in GSHP systems with 
deep boreholes 

An investigation as regards optimum flow rates in the borehole loop of GSHP systems 
with deep BHEs has been undertaken although not initially part of the project 
objectives. 

The two reasons for which this was investigated are: 

 there was a demand from the industry to investigate this issue, more particularly 
the large pressure drops related to deep boreholes 

 optimum flow rate in deep BHEs is of particular interest because of the thermal 
shunt effect and the large pressure drops 

In Sweden, the flow rate in the borehole loop is usually regulated using the temperature 
difference over the evaporator of the GSHP and the setpoint is commonly 3 K. Because 
of the larger pressure drops and thermal shunt in deep BHEs, the optimum value for 
this setpoint might be different. 

To understand the problem that could arise with deep BHEs, let us take an example. 
Imagine two GSHP systems with the same total borehole length but different borehole 
configurations: the first system has four 250 m deep boreholes while the second one 
has two 500 deep boreholes. The BHEs are of the same type (e.g. PE40 U-pipe). 
Assuming the same heat extraction rate per meter of borehole, the total heat extraction 
rate would be the same for both installations. If the same temperature difference 
setpoint is used to control the circulation pump in both cases, the flow rate in the 500 
m BHEs system would need to be twice as high per borehole as in the 250 m system. 
Theoretically, the pressure drop increases linearly with the pipe length and 
quadratically with the flow rate 

 Δ𝑃 𝑓 ⋅
16
𝜋

⋅ 𝜌 ⋅
𝐻 ⋅ 𝑉

𝐷
 (32) 

where, Δ𝑃 is the pressure drop, 𝑓 is the friction factor, 𝜌 is the density, 𝐻 is the borehole 
depth (the pipe length is assumed as two times the borehole depth), 𝑉 is the volumetric 
flow rate, and 𝐷  is the hydraulic diameter. 

Therefore, the pressure drop would be about 8 times higher in the installation with deep 
boreholes. The heat extraction rate may of course be higher in deep BHEs and it would 
makes sense to have a BHE with larger hydraulic diameter. To compensate fully 
compensate for the flow rate and pipe length increase, however, the diameter would 
need to be increased by about 150%. Using the reference case of PE40, this would an 
increase to PE60, which is not possible unless the borehole diameter is larger. 

In order to have a better understanding of the optimum flow rate problem, the 
development of a short-term model was initiated. The model includes heat pump and 
BHEs.  
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6.1.1. Short-term modelling and optimization of a Ground 
Source Heat Pump 

This section is inspired from an internship report [61], which was supervised by the 
main author, and a master thesis [62], written by the main author. 

The model is not detailed here but the different correlations used to represent the 
different physical phenomena in the system are given in Table 5. For more details, the 
reader is referred to [61], which can be obtained by contacting the authors. 

Table 5. List of correlations used for the short-term modelling of GSHP with deep 
boreholes 

Physical phenomenon Correlation 

Single-phase convection in Plate Heat Exchangers Wanniarachchi et al. [63] 

Local evaporation heat transfer coefficient for R410A Han et al. [64] 

Local condensation heat transfer coefficient for R410A Kuo et al. [65] 

Convection heat transfer in pipes - turbulent flow Gnielinski as reported by [30] 

Convection heat transfer in pipes - laminar flow Incropera et al. [30] 

Natural convection in the borehole Holmberg et al. [66] 

Pressure drop in pipes - laminar flow Poiseuille's law as reported by [30] 

Pressure drop in pipes - turbulent flow Colebrook as reported by [30] 

 

The model is implemented in an Excel spreadsheet with VBA coding. Some 
assumptions used in the model are: fixed superheating and subcooling of 5 K, fixed 
isentropic efficiency of the compressor, fixed (and constant) borehole wall temperature, 
(quasi-)steady-state operation of the heat pump and in the BHE. 

The developed model should be seen as first step towards a more complete and 
accurate model. The model could benefit from several improvements. 1) The heat 
transfer model in the ground should be improved, especially as regards the calculation 
of the thermal shunt, and allowing the temperature of the borehole wall to vary with 
time if needed. 2) The model of the compressor (modelled using isentropic efficiency) 
can be improved. As is, the heat pump can cover any load at its condenser, which is 
not a realistic case. 3) The pump model (experimentally derived using third power law 
with flow rate) can be improved. 4) heat transfer coefficients for laminar flow in pipes 
should take into account the entry-length which might be significant at such low 
temperatures. 

This first model was nevertheless compared to experimental data and the agreement 
is not perfect but somewhat good as can be seen in Figure 63. The model seems to 
overestimate the evaporation temperature and the relevance of using local heat 
transfer coefficients on the condenser side is highlighted. Note that this is a simple 
comparison of the heat pump model and the errors are not quantified. 



73 
 

 
Figure 63. Comparison between the heat pump cycles obtained through 

measurements and simulations in a P-h diagram 

The results presented hereafter should be considered with care because of the 
different limitations listed above. The authors do not consider the presented results as 
definite, rather they want to show the direction in which more accurate models could 
point when trying to determine optimum flow rate for deep BHEs. 

Figure 64 shows heat pump COPs and COPs2 (accounting for the pumps in the 
borehole loops) for a range temperature difference setpoints. The borehole wall 
temperature is assumed constant as 9°C; the inlet and outlet water temperatures on 
the condenser side are of 35.5°C and 40.6°C, respectively; the water flow rate in the 
condenser is of 5.4 m3/h; the subcooling and superheating are of 8.7 and 7°C, 
respectively; and the isentropic efficiency of the compressor is of 72%. The simulation 
is performed for 4x510 m boreholes to match the installation presented in 3.2. 

 

Figure 64. COPs for a range temperature difference setpoints (inversely proportional 
to the flow rate) – COP2 accounts for the heat source pumping power 

The preliminary results obtained for the conditions described above show that a 
maximum coefficient of performance is obtained for a temperature difference setpoint 
of 4 K, instead of the 3K usually employed. One may notice the drop in COPs from 4 
K to 4.5 K; this is due to the transition between laminar to turbulent flow in the BHEs. 
This corresponds to an increase in borehole thermal resistance from 0.09 m∙K/W to 

COP2 
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0.16 m∙K/W. Using a setpoint of 4 K would therefore imply a risk of experiencing 
laminar in the BHEs which is detrimental for heat transfer. Moreover, a setpoint of 3 K 
would only lead to a drop of 3% in COP2 and the position of the drop could move to 
lower setpoints as the temperature of the secondary fluid inside the BHE decreases. 

More theoretical and experimental investigations are needed to confirm these 
preliminary results and it would be interesting a parametric study to assess the 
influence of important parameters (e.g. the heat extraction rate, borehole temperature, 
etc.) on the optimum flow rate. 

7. Dissemination of knowledge 
This chapter is divided in three sub-sections, each of which was an objective in the 
original application of the project. 

7.1. Supervise about 5 master/bachelor students 
A total of 16 students were directly or indirectly supervised in the context of this project. 
Here is a list of their project / thesis title: 

 Design and construction of a Thermal Response Test (TRT) unit [67], [68] 

 Design and construction of a lab-scale BTES [69]–[71] 

 Instrumentation and monitoring of an installation with deep BHEs [32] 

 Development of a numerical model for simulations of deep (5 km) close-loop 
geothermal systems [72] 

 Evaluation and efficiency improvement of KTH heat pump system (on-going) 

 Simulation of a high-temperature BTES coupled to a waste-driven CHP plant 
[73] 

 Implementation of a new convergence method for TRTs (see Appendix 2). 

 Development of a TRNSYS model simulating a GSHP with deep BHEs coupled 
to a district heating substation [74] 

 Investigation related to the measurement technique with optical fibers [75] 

 Development of a depth-scaled numerical model [76] 

Other topics covered are: practical design of GSHP systems and heating cables and 
fiber optic cables for DTRTs. 

7.2. Contribute to the dissemination of knowledge and 
the competence increase in the field of GSHP, both 
academically through courses/labs and in the 
industry through seminars 

The dissemination of knowledge was performed in several ways: oral presentations, 
poster presentations, study-visits, popular articles, scientific articles, interviews, and 
participation in conferences. 
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7.2.1. Oral presentations 

The project was orally presented at several occasions that are listed hereafter: 

 International Ground-Source Heat Pump convention, Stockholm, 2016 

 Drillers’ day, Stockholm, 2016 

 ORMEL workshop, Trondheim, Norway, 2016 

 International Energy Agency Annex 27 1st Expert meetings, Horsen, Denmark, 
2016 

 Effsys – research seminar, Tranås, 2016 

 ASHRAEs annual meeting, St Louis, USA, 2016 

 Asker seminar on deep boreholes, Asker, Norway, 2017 

 Fiber optics days, Hudiksvall, 2017 

 Kyltekniska, member meeting, Stockholm, 2017 

 KTH – EFFSYS Expand heat pump workshop, Stockholm, 2018 

 Effsys – research seminar, Tranås, 2018 

 International Ground-Source Heat Pump Association (IGSHPA), 2nd Research 
Track, Stockholm, 2018 

In addition, the project was orally presented at several internal seminars, such as 
research seminars, or meeting with industrial and academic partners. 

7.2.2. Poster presentations 

The project was presented through a poster at several occasions that are listed 
hereafter: 

 Industrial Engineering and Management (KTH) conference, Stockholm, 2016 

 Energy dialogue, Stockholm, 2017 

 Svenska Kyl & Värmepumpdagen, Stockholm, 2016 

 Svenska Kyl & Värmepumpdagen, Stockholm, 2017 

7.2.3. Study-visit 

A study visit of the installation described under 3.2 was organized as part of a course 
at KTH. A picture taken under the study-visit is shown in Figure 65. 
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Figure 65. Study-visit at an installation with deep BHEs 

7.2.4. Popular articles 

Three popular articles described the project and/or the project results were written. The 
first one was published in the magazine Kyla+ in the 7th number of 2016. The second 
popular article was published in Avanti’s 2016 activity report. The third one was 
allegedly published in the 2nd number of the 2018 Kyla & Värmepumpar magazine 
(earlier Kyla+) although the authors never received the number and could therefore 
not checked if the article was actually published. 

7.2.5. Scientific articles 

Five scientific articles were published in the framework of this project. Three 
conference articles were published at the 2nd IGSHPA Research Track in 2018 in 
Stockholm with the titles: 

 The Newton-Raphson Method Applied to the Time-Superposed ILS for 
Parameter Estimation in Thermal Response Tests [77] and is presented in 
Appendix 2. 

 Design of a laboratory borehole storage model [78] and is presented in 
Appendix 4. 

 High temperature borehole thermal energy storage - A case study [79] 

Other published conference articles are: 

 Methods of BHE flushing, charging and purging in Sweden [80] 

 Alternative alcohol blends as secondary fluids for ground source heat pumps 
[81] 

 Different ethyl alcohol secondary fluids used for GSHP in Europe [82] 

The writing of journal articles have been initiated, one journal article has been 
submitted (the authors of this report are not the main authors) but other journal articles 
are still in progress. 
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7.2.6. Interviews 

An interview was reported in Avanti’s 2015 activity report and another interview will be 
given to the magazine Svensk Geoenergi at the end of September 2018. 

7.2.7. Participation in scientific and industrial conferences 

The authors have participate in several conferences in which they could discuss their 
project with other researchers or industry stakeholders in the GSHP field: 

 ASHRAEs annual meeting, St Louis, USA, 2016 

 European Geothermal Congress, Strasbourg, France, 2016 

 Geoenergidagen, Stockholm, 2016 

 International GSHP convention, Stockholm, 2016 

 Geoenergidagen, Stockholm, 2017 

 International Ground-Source Heat Pump Association, 1st Research Track, 
Denver, USA, 2017 

 International Ground-Source Heat Pump Association, 2nd Research Track, 
Stockholm, 2018 

 

Through the participation and presentations at the different events mentioned above, 
the authors of this report consider that they have fulfilled the objective of dissemination 
of knowledge, both academically and in the industry. 

7.3. Increase the amount of universally-available 
knowledge on actual operation of Swedish GSHP 
systems by about 10% 

This objective is very hard to practically verify but the authors however consider that 
they have contributed to increase the knowledge on GSHP operation through their 
experimental and monitoring work, as well as the potential diffusion of this report. 

8. Quantify the thermal influence 
between neighboring systems with 
shallow and deep boreholes 

This aspect of the project could not be researched in details due to time constraints. 

Some observations could however be made: 

 g-functions are not the right tool to investigate thermal influence between 
neighboring systems because this model assumes uniform borehole 
temperature for all borehole in the field. This assumption holds if the borehole 
in the field are connected in parallel because each borehole is provided with the 
same inlet temperature, and the temperature change over the BHE is small 
(typically 3 K). Two different installations in which the borehole loop are not 
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hydraulically connected are however likely not to have the same borehole wall 
temperature. 

 using deep boreholes in an area in which more shallow boreholes already have 
been used may lead to an inversion of heat flux along the depth which makes 
the formulation of the problem more intricate. 

 drilling deep boreholes is expensive. It is the authors’ impression that recharging 
shallow borehole (if possible) would be a more cost-effective solution if a GSHP 
system is to be installed in an area with old shallow installations. Note this 
statement is not supported by any calculation but is an insight. 

Another project (3 years) specifically dedicated to this issue has started in 2017. 

9. Write a recommendation guide for 
designing deep BHEs with coaxial 
collectors 

This objective could unfortunately not be fulfilled due to time constraints. 

  



79 
 

List of references 
[1] Swedish Energy Agency, “Energistatistik för småhus, flerbostadshus och lokaler 

2014. Summary of energy statistics for dwellings and non-residential premises 
for 2014.,” Eskilstuna, ES 2015:07, 2015. 

[2] P. Eskilson, “Thermal analysis of heat extraction boreholes,” Lund University, 
Sweden, 1987. 

[3] S. E. Gehlin, J. D. Spitler, and G. Hellström, “Deep boreholes for ground source 
heat pump systems—scandinavian experience and future prospects,” in 
ASHRAE Winter Meeting, Orlando, Florida, 2016, pp. 23–27. 

[4] J. Limberger and J.-D. van Wees, “European temperature models in the 
framework of GEOELEC: linking temperature and heat flow data sets to 
lithosphere models,” in European Geothermal Congress 2013, Pisa, Italy, 2013. 

[5] G. R. Beardsmore, L. Rybach, D. Blackwell, and C. Baron, “A protocol for 
estimating and mapping global EGS potential,” GRC Trans., vol. 34, pp. 301–
312, 2010. 

[6] The KamLAND Collaboration et al., “Partial radiogenic heat model for Earth 
revealed by geoneutrino measurements,” Nat. Geosci., vol. 4, no. 9, p. 647, 
Sep. 2011. 

[7] T. Kohl, R. Brenni, and W. Eugster, “System performance of a deep borehole 
heat exchanger,” Geothermics, vol. 31, no. 6, pp. 687–708, Dec. 2002. 

[8] H. Holmberg, J. Acuña, E. Næss, and O. K. Sønju, “Thermal evaluation of 
coaxial deep borehole heat exchangers,” Renew. Energy, vol. 97, pp. 65–76, 
Nov. 2016. 

[9] Z. Wang, F. Wang, J. Liu, Z. Ma, E. Han, and M. Song, “Field test and numerical 
investigation on the heat transfer characteristics and optimal design of the heat 
exchangers of a deep borehole ground source heat pump system,” Energy 
Convers. Manag., vol. 153, pp. 603–615, Dec. 2017. 

[10] M. Le Lous, F. Larroque, A. Dupuy, and A. Moignard, “Thermal performance of 
a deep borehole heat exchanger: Insights from a synthetic coupled heat and 
flow model,” Geothermics, vol. 57, pp. 157–172, Sep. 2015. 

[11] L. Dijkshoorn, S. Speer, and R. Pechnig, “Measurements and Design 
Calculations for a Deep Coaxial Borehole Heat Exchanger in Aachen, 
Germany,” Int. J. Geophys., vol. 2013, pp. 1–14, 2013. 

[12] K. Huchtemann and D. Müller, “Combined simulation of a deep ground source 
heat exchanger and an office building,” Build. Environ., vol. 73, pp. 97–105, Mar. 
2014. 

[13] R. Law, D. Bridgland, D. Nicholson, and M. Chendorain, “Heat Extraction from 
Deep Single Wells,” in Thirty-Ninth Workshop on Geothermal Reservoir 
Engineering Stanford University, Stanford, California, 2014. 

[14] L. Fang, N. Diao, Z. Shao, K. Zhu, and Z. Fang, “A computationally efficient 
numerical model for heat transfer simulation of deep borehole heat exchangers,” 
Energy Build., vol. 167, pp. 79–88, May 2018. 

[15] G. Hellström, “Ground heat storage : thermal analyses of duct storage systems,” 
PhD Thesis, Lund University, Lund, Sweden, 1991. 



80 
 

[16] L. Lamarche, S. Kajl, and B. Beauchamp, “A review of methods to evaluate 
borehole thermal resistances in geothermal heat-pump systems,” Geothermics, 
vol. 39, no. 2, pp. 187–200, Jun. 2010. 

[17] S. Javed and J. D. Spitler, “3 - Calculation of borehole thermal resistance,” in 
Advances in Ground-Source Heat Pump Systems, S. J. Rees, Ed. Woodhead 
Publishing, 2016, pp. 63–95. 

[18] L. Fang, N. Diao, Z. Shao, Z. Wang, and Z. Fang, “Study on Thermal Resistance 
of Coaxial Tube Boreholes in Ground-Coupled Heat Pump Systems,” Procedia 
Eng., vol. 205, pp. 3735–3742, Jan. 2017. 

[19] E. Zanchini, S. Lazzari, and A. Priarone, “Effects of flow direction and thermal 
short-circuiting on the performance of coaxial ground heat exchangers,” Renew. 
Energy Power Qual. J., vol. 1, no. 07, pp. 668–675, Apr. 2009. 

[20] R. A. Beier, J. Acuña, P. Mogensen, and B. Palm, “Borehole resistance and 
vertical temperature profiles in coaxial borehole heat exchangers,” Appl. 
Energy, vol. 102, pp. 665–675, Feb. 2013. 

[21] R. A. Beier, “Transient heat transfer in a U-tube borehole heat exchanger,” Appl. 
Therm. Eng., vol. 62, no. 1, pp. 256–266, Jan. 2014. 

[22] J. Acuña and B. Palm, “Distributed thermal response tests on pipe-in-pipe 
borehole heat exchangers,” Appl. Energy, vol. 109, pp. 312–320, Sep. 2013. 

[23] E. Granryd, I. Ekroth, P. Lundqvist, Å. Melinder, B. Palm, and P. Rohlin, 
Refrigeration Engineering. Stockholm: Department of Energy Technology 
Division of Applied Thermodynamics and Refrigeration Royal Institute of 
Technology, KTH, 2011. 

[24] J. Naterstad et al., “Asker. Berggrunnskart,” NGU, Geological Survey of Norway. 

[25] J. Sundberg, “Termiska egenskaper i jord och berg,” Swedish Geotechnical 
Institute, 12, 1991. 

[26] L. I. BUDIYANTO and others, “Evaluation of measurement data — Guide to the 
expression of uncertainty in measurement,” JCGM, 2008. 

[27] M. B. Hausner, F. Suárez, K. E. Glander, N. van de Giesen, J. S. Selker, and S. 
W. Tyler, “Calibrating Single-Ended Fiber-Optic Raman Spectra Distributed 
Temperature Sensing Data,” Sensors, vol. 11, no. 12, pp. 10859–10879, Nov. 
2011. 

[28] N. van de Giesen et al., “Double-Ended Calibration of Fiber-Optic Raman 
Spectra Distributed Temperature Sensing Data,” Sensors, vol. 12, no. 12, pp. 
5471–5485, Apr. 2012. 

[29] M. A. Farahani and T. Gogolla, “Spontaneous Raman scattering in optical fibers 
with modulated probe light for distributed temperature Raman remote sensing,” 
J. Light. Technol., vol. 17, no. 8, pp. 1379–1391, 1999. 

[30] T. L. Bergman, A. S. Lavine, F. P. Incropera, and D. P. Dewitt, Fundamentals 
of heat and mass transfer, 7th ed. Hoboken, NJ: Wiley, 2011. 

[31] R. W. Hanks, “The laminar-turbulent transition for flow in pipes, concentric 
annuli, and parallel plates,” AIChE J., vol. 9, no. 1, pp. 45–48, 1963. 

[32] B. Delattre, “Monitoring of a heat pump system using deep borehole heat 
exchangers,” Master thesis, KTH Royal Institute of Technology, Stockholm, 
Sweden, To be published. 

[33] “SGUs Kartvisare.” [Online]. Available: https://apps.sgu.se/kartvisare/. 
[Accessed: 06-Sep-2017]. 



81 
 

[34] P. Makhnatch, “Refrigerants and refrigerant mixtures,” 25-Jan-2017. 

[35] Å. Melinder, “Thermophysical properties of aqueous solutions used as 
secondary working fluids,” Division of Applied Thermodynamics and 
Refrigeration, Royal Institute of Technology, Stockholm, 2007. 

[36] J.-O. Näslund, P. Jansson, J. L. Fastook, J. Johnson, and L. Andersson, 
“Detailed spatially distributed geothermal heat-flow data for modeling of basal 
temperatures and meltwater production beneath the Fennoscandian ice sheet,” 
Ann. Glaciol., vol. 40, no. 1, pp. 95–101, 2005. 

[37] International Heat Flow Commission, “Global Heat Flow Database,” 12-Jan-
2011. [Online]. Available: http://www.heatflow.und.edu/index2.html. [Accessed: 
06-Sep-2017]. 

[38] R. Nordman, “SEasonal PErformance factor and MOnitoring for heat pump 
systems in the building sector,” EE/08/776/SI2.529222, 2012. 

[39] SGU, “3D-visare.” [Online]. Available: http://www.sgu.se/produkter/kartor/3d-
modeller/. [Accessed: 11-Sep-2018]. 

[40] A. Kamarad, Design and construction of a mobile equipment for thermal 
response test in borehole heat exchangers. 2012. 

[41] M. Cimmino and M. Bernier, “Experimental determination of the g-functions of a 
small-scale geothermal borehole,” Geothermics, vol. 56, pp. 60–71, Jul. 2015. 

[42] J. R. Cullin et al., “Validation of vertical ground heat exchanger design 
methodologies,” Sci. Technol. Built Environ., vol. 21, no. 2, pp. 137–149, Feb. 
2015. 

[43] C. Montagud, J. M. Corberán, Á. Montero, and J. F. Urchueguía, “Analysis of 
the energy performance of a ground source heat pump system after five years 
of operation,” Energy Build., vol. 43, no. 12, pp. 3618–3626, Dec. 2011. 

[44] J. Spitler and M. Bernier, “Ground-source heat pump systems: The first century 
and beyond,” HVACR Res., vol. 17, no. 6, pp. 891–894, Dec. 2011. 

[45] J. Spitler and M. Bernier, “2 - Vertical borehole ground heat exchanger design 
methods,” in Advances in Ground-Source Heat Pump Systems, S. J. Rees, Ed. 
Woodhead Publishing, 2016, pp. 29–61. 

[46] C. Yavuzturk and J. D. Spitler, “Field validation of a short time step model for 
vertical ground-loop heat exchangers / Discussion,” ASHRAE Trans. Atlanta, 
vol. 107, p. 617, 2001. 

[47] A. Salim Shirazi and M. Bernier, “A small-scale experimental apparatus to study 
heat transfer in the vicinity of geothermal boreholes,” HVACR Res., vol. 20, no. 
7, pp. 819–827, Oct. 2014. 

[48] R. A. Beier, M. D. Smith, and J. D. Spitler, “Reference data sets for vertical 
borehole ground heat exchanger models and thermal response test analysis,” 
Geothermics, vol. 40, no. 1, pp. 79–85, Mar. 2011. 

[49] P. Eslami-nejad and M. Bernier, “Freezing of geothermal borehole 
surroundings: A numerical and experimental assessment with applications,” 
Appl. Energy, vol. 98, pp. 333–345, Oct. 2012. 

[50] G. Hellström and E. Kjellsson, “Laboratory Measurements of Heat Transfer 
Properties for Different Types of Borehole Heat Exchangers,” in Proc. of 
Terrastock, Stuttgart, Germany, 2000. 



82 
 

[51] C. A. Kramer, O. Ghasemi-Fare, and P. Basu, “Laboratory Thermal 
Performance Tests on a Model Heat Exchanger Pile in Sand,” Geotech. Geol. 
Eng., vol. 33, no. 2, pp. 253–271, Apr. 2015. 

[52] P. Monzó, P. Mogensen, J. Acuña, F. Ruiz-Calvo, and C. Montagud, “A novel 
numerical approach for imposing a temperature boundary condition at the 
borehole wall in borehole fields,” Geothermics, vol. 56, pp. 35–44, Jul. 2015. 

[53] T. Arkhangelskaya and K. Lukyashchenko, “Estimating soil thermal diffusivity at 
different water contents from easily available data on soil texture, bulk density, 
and organic carbon content,” Biosyst. Eng., Jul. 2017. 

[54] V. R. Tarnawski, T. Momose, and W. H. Leong, “Thermal Conductivity of 
Standard Sands II. Saturated Conditions,” Int. J. Thermophys., vol. 32, no. 5, 
pp. 984–1005, May 2011. 

[55] M. Cimmino, “The effects of borehole thermal resistances and fluid flow rate on 
the g-functions of geothermal bore fields,” Int. J. Heat Mass Transf., vol. 91, pp. 
1119–1127, Dec. 2015. 

[56] A. Lazzarotto and F. Björk, “A methodology for the calculation of response 
functions for geothermal fields with arbitrarily oriented boreholes – Part 2,” 
Renew. Energy, vol. 86, pp. 1353–1361, Feb. 2016. 

[57] P. Eskilson, “Thermal analysis of heat extraction boreholes,” Lund University, 
Sweden, 1987. 

[58] Y. Kim, M. Kim, C. Ahn, H. U. Kim, S.-W. Kang, and T. Kim, “Numerical study 
on heat transfer and pressure drop in laminar-flow multistage mini-channel heat 
sink,” Int. J. Heat Mass Transf., vol. 108, pp. 1197–1206, May 2017. 

[59] H. Randén, “Increasing the capacity of KTH’s heating system with deep 
boreholes and coaxial ground heat exchangers,” Master thesis, KTH, To be 
published. 

[60] N. Brown et al., “E2B2 Slutrapport - Ny värmepump – utvärdering ur ett 
livscykelperspektiv,” Project report. 

[61] F. Bernard, “Short-term modelling and optimization of a Ground Source Heat 
Pump (GSHP) coupled to a deep borehole heat exchanger,” KTH, Stockholm, 
Sweden, 2017. 

[62] W. Mazzotti, Secondary Fluids Impact on Ice Rink Refrigeration System 
Performance. 2013. 

[63] A. S. Wanniarachchi, U. Ratnam, B. E. Tilton, and K. Dutta-Roy, “Approximate 
correlations for chevron-type plate heat exchangers,” Dec. 1995. 

[64] D.-H. Han, K.-J. Lee, and Y.-H. Kim, “Experiments on the characteristics of 
evaporation of R410A in brazed plate heat exchangers with different geometric 
configurations,” Appl. Therm. Eng., vol. 23, no. 10, pp. 1209–1225, Jul. 2003. 

[65] W. S. Kuo, Y. M. Lie, Y. Y. Hsieh, and T. F. Lin, “Condensation heat transfer 
and pressure drop of refrigerant R-410A flow in a vertical plate heat exchanger,” 
Int. J. Heat Mass Transf., vol. 48, no. 25, pp. 5205–5220, Dec. 2005. 

[66] H. Holmberg, J. Acuña, E. Næss, and O. K. Sønju, “Numerical model for non-
grouted borehole heat exchangers, Part 2—Evaluation,” Geothermics, vol. 59, 
Part A, pp. 134–144, Jan. 2016. 

[67] L. Olausson, Construction and test of a new compact TRT equipment. 2018. 

[68] A. Geber, “Design and construction of a new Thermal Response Test 
equipment,” INSA Strasbourg, Stockholm, 2017. 



83 
 

[69] Y. Jiang, “Design of a Lab-scale Borehole Thermal Energy Storage Model,” 
KTH, Stockholm, 2017. 

[70] Q. Tao, “Internship report,” KTH, Stockholm, 2018. 

[71] A. Clerc, “Internship report,” KTH, Stockholm, 2017. 

[72] B. Hage Meany, Modelling and simulation for optimizing adeep, closed-loop 
geothermal heat exchangesystem. 2018. 

[73] M. Malmberg, Transient modeling of a high temperature borehole thermal 
energy storage coupled with a combined heat and power plant. 2017. 

[74] B. Ponson, “Comparison of substation layouts for combined district heating and 
ground source heat pump systems,” KTH, Stockholm, 2017. 

[75] J. Breton, “Performance evaluation of a Distributed Thermal Response Test 
(DTRT),” KTH, Stockholm, 2016. 

[76] M. Gouret, “Deep borehole Numerical simulation,” KTH, Stockholm, 2016. 

[77] W. Mazzotti, H. Firmansyah, J. Acuña, M. Stokuca, and B. Palm, “Newton-
Raphson method applied to the time-superposed ILS for parameter estimation 
in Thermal Response Tests,” 2018. 

[78] W. Mazzotti, Y. Jiang, P. Monzó, A. Lazzarotto, J. Acuña, and B. Palm, “Design 
of a laboratory borehole storage model,” 2018. 

[79] M. Malmberg, W. Mazzotti, J. Acuña, H. Lindståhl, and A. Lazzarotto, “High 
temperature borehole thermal energy storage - A case study,” 2018. 

[80] M. Ignatowicz, J. Acuña, W. Mazzotti, A. Melinder, and B. Palm, “Methods of 
BHE flushing, charging and purging in Sweden,” in European Geothermal 
Congress 2016 Strasbourg, 19-23 September 2016, 2016. 

[81] M. Ignatowicz, W. Mazzotti, J. Acuña, Å. Melinder, and B. Palm, “Alternative 
alcohol blends as secondary fluids for ground source heat pumps,” in 
Proceedings, Edinburgh, United Kingdom, 2016. 

[82] M. Ignatowicz, W. Mazzotti, \AAke Melinder, and B. Palm, “Different ethyl 
alcohol secondary fluids used for GSHP in Europe,” in 12th IEA Heat Pump 
Conference, Rotterdam, 2017, 2017. 

 
 



84 
 

Appendix 1: Drilling price survey 
The questions are meant to address drilling prices (price offered to client) for different depths, for different amount of borehole, 
drilling with compressed air in dimension 115 mm, in normal average hard rock without complications. The following questions were 
asked to 28 Swedish drilling contractors: 

1. Hur mycket tror ni att borrpriserna skiljer från borrentreprenör till borrentreprenör? 

2.  Vad kan skillnaden i borrpriser bero på? 

3. Vad är ett rimligt borrmeterpris för ett 250 m djup borrhål? 

4. Vad är ett rimligt borrmeterpris för en anläggning med 10st borrhål, 250 m djupa? 

5. Vad är ett rimligt borrmeterpris för en anläggning med 50st borrhål, 250 m djupa? 

6. Vad är ett rimligt borrmeterpris för en anläggning med 100st borrhål, 250 m djupa? 

7. Vad är ett rimligt borrmeterpris för en anläggning med 1000st borrhål, 250 m djupa? 

8. Vad är ett rimligt borrmeterpris för borrning mellan 250-350 m djup? 

9. Vad är ett rimligt borrmeterpris för  borrning mellan 350-450 m djup? 

10. Vad är ett rimligt borrmeterpris för borrning mellan 450-500 m djup? 

11. Vad är ett rimligt borrmeterpris för borrning fr.o.m. 500 m? 

12. Vad är ett rimligt etableringspris per maskin? 
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Appendix 2: Newton-Raphson optimization 
algorithm for TRT 
Article 

Full proceedings 

The article and proceedings are only accessible from the digital version of this report. 
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Appendix 3: Drilling log – Rosendal 
Inspiration 
Drilling log for borehole 8 – Rosendal Inspiration 

The drilling log is only accessible from the digital version of this report.  
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Appendix 4: Design of a laboratory borehole 
storage 
Article 

Full proceedings 

The article and proceedings are only accessible from the digital version of this report. 


