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Abstract 

Using solar energy stored in the ground to preheat incoming fresh ventilation 

air with ground loops is a renewable energy system which is becoming more 

frequently used in new residential developments. The purpose of this research 

was to examine the effect of ground loop to foundation wall clearance on building 

heat loss. Additionally, the thermal properties of the soil were examined to 

determine their impact on the ground loop’s effect on heat loss. A simulation 

based research approach was conducted using HEAT3, which is a three-dimensional 

transient heat transfer software. This study found that ground loop clearance 

had a larger impact on building heat loss for areas with low thermal conductivity 

soils than for areas with high thermal conductivity soils. On average, ground 

loop clearances of 10cm, 50cm, 100cm, and 200cm resulted in increased building 

heat losses of 20%-83%, 19%-55%, 16%-35%, and 12%-15% respectively.  

fchen
Text Box
iii

fchen
Rectangle



iii 

 

Acknowledgements 

I would first like to thank my research advisor Dr. Richman for his support, 

guidance, and knowledge. Whether it was meeting at his office, at a coffee shop, 

or in his home, he always found time to meet with me. I hope he enjoyed this 

experience as much as I did. 

 

I would also like to thank the gentlemen at PHIUS, Graham Wright and Galen 

Staengl, for helping me kick off this project in the right direction. 

 

Also, I would like to thank and acknowledge Dr. Berardi for being my second 

reader and valued professor during my time at Ryerson. 

 

Finally, I must express my profound appreciation to my parents, four siblings, 

and partner who provided me with continuous support, encouragement, and 

understanding while I moved half way across the country to pursue my goals. 

This accomplishment is dedicated to them. 

 

 

 

fchen
Rectangle

fchen
Text Box
iv



iv 

 

Table of Contents 

    Abstract...............................................................iii 

    List of Figures........................................................vii 

    List of Tables..........................................................xi 

    List of Appendices.....................................................xiv 

1 Introduction ............................................................ 1 

1.1 Objectives of the Major Research Project ............................ 4 

1.2 Research Questions .................................................. 5 

2 Literature Review ....................................................... 6 

2.1 Development of the Research Questions ............................... 6 

2.2 Development of the Simulation Methodology and Model ................ 10 

3 Methodology ............................................................ 12 

3.1 Experimental Variables to Consider ................................. 12 

3.2 Development of the Model ........................................... 17 

3.2.1 Model Geometry and Layout....................................... 17 

3.2.2 Material Properties............................................. 22 

3.2.3 Ground Loop Heat Flux........................................... 26 

fchen
Rectangle

fchen
Text Box
v



v 

 

3.2.4 Boundary Conditions............................................. 29 

3.3 Testing of the Model ............................................... 31 

3.3.1 Steady State Testing............................................ 31 

3.3.2 Mesh Size Optimization.......................................... 33 

3.3.3 Soil Properties Sensitivity Test................................ 34 

3.4 Simulation Methodology ............................................. 36 

4 Results and Discussion ................................................. 40 

5 Conclusions ............................................................ 66 

5.1 Future Work ........................................................ 69 

5.2 Limitations ........................................................ 70 

 Appendices ............................................................. 73 

A1 Zehnder ComfoFond-L Eco 350 Data Sheets and Brochure ............... 73 

A2 Owens Corning FOAMULAR® 150 XPS Rigid Foam Insulation Data Sheet ... 79 

A3 Simulation Results Data ............................................ 83 

 References ............................................................ 106 

 

 

  

fchen
Rectangle

fchen
Text Box
vi



vi 

 

List of Figures 

Figure 1: Interior surface identifiers..................................... 17 

Figure 2: HEAT3 model material types [1 of 2].............................. 19 

Figure 3: HEAT3 model material types [2 of 2].............................. 20 

Figure 4: Geometric dimensions of HEAT3 model [plan view].................. 21 

Figure 5: Geometric dimensions of HEAT3 model [elevation view]............. 21 

Figure 6: HEAT 3 boundary conditions [1 of 3].............................. 30 

Figure 7: HEAT 3 boundary conditions [2 of 3].............................. 30 

Figure 8: HEAT 3 boundary conditions [3 of 3].............................. 31 

Figure 9: Manipulated and fixed variables in the analysis.................. 36 

Figure 10: Interior surface identifiers.................................... 40 

Figure 11: Annual heat flux of sides 1&2 – soil 1 (low , low VHC) [common 

scale]..................................................................... 41 

Figure 12: Annual heat flux of sides 1&2 – soil 1 (low , low VHC) [custom 

scale]..................................................................... 41 

Figure 13: Annual heat flux of sides 1&2 – soil 2 (high , high VHC) [common 

scale]..................................................................... 42 

Figure 14: Annual heat flux of sides 1&2 – soil 2 (high , high VHC) [custom 

scale]..................................................................... 42 

Figure 15: Annual heat flux of sides 1&2 – soil 3 (low , high VHC) [common 

scale]..................................................................... 43 

fchen
Rectangle

fchen
Text Box
vii



vii 

 

Figure 16: Annual heat flux of sides 1&2 – soil 3 (low , high VHC) [custom 

scale]..................................................................... 43 

Figure 17: Annual heat flux of sides 1&2 – soil 4 (high , low VHC) [common 

scale]..................................................................... 44 

Figure 18: Annual heat flux of sides 1&2 – soil 4 (high , low VHC) [custom 

scale]..................................................................... 44 

Figure 19: Annual heat flux of sides 1&2 – soil 5 (avg , avg VHC) [common 

scale]..................................................................... 45 

Figure 20: Annual heat flux of sides 1&2 – soil 5 (avg , avg VHC) [custom 

scale]..................................................................... 45 

Figure 21: Annual heat flux of sides 3&4 – soil 1 (low , low VHC) [common 

scale]..................................................................... 46 

Figure 22: Annual heat flux of sides 3&4 – soil 1 (low , low VHC) [custom 

scale]..................................................................... 46 

Figure 23: Annual heat flux of sides 3&4 – soil 2 (high , high VHC) [common 

scale]..................................................................... 47 

Figure 24: Annual heat flux of sides 3&4 – soil 2 (high , high VHC) [custom 

scale]..................................................................... 47 

Figure 25: Annual heat flux of sides 3&4 – soil 3 (low , high VHC) [common 

scale]..................................................................... 48 

fchen
Rectangle

fchen
Text Box
viii



viii 

 

Figure 26: Annual heat flux of sides 3&4 – soil 3 (low , high VHC) [custom 

scale]..................................................................... 48 

Figure 27: Annual heat flux of sides 3&4 – soil 4 (high , low VHC) [common 

scale]..................................................................... 49 

Figure 28: Annual heat flux of sides 3&4 – soil 4 (high , low VHC) [custom 

scale]..................................................................... 49 

Figure 29: Annual heat flux of sides 3&4 – soil 5 (average , average VHC) 

[common scale]............................................................. 50 

Figure 30: Annual heat flux of sides 3&4 – soil 5 (average , average VHC) 

[custom scale]............................................................. 50 

Figure 31: Schematic of the effect of an insulative soil................... 52 

Figure 32: Annual heat flux of side 5 – soil 1 (low , low VHC) [common scale]

........................................................................... 58 

Figure 33: Annual heat flux of side 5 – soil 1 (low , low VHC) [custom scale]

........................................................................... 58 

Figure 34: Annual heat flux of side 5 – soil 2 (high , high VHC) [common 

scale]..................................................................... 59 

Figure 35: Annual heat flux of side 5 – soil 2 (high , high VHC) [custom 

scale]..................................................................... 59 

Figure 36: Annual heat flux of side 5 – soil 3 (low , high VHC) [common scale]

........................................................................... 60 

fchen
Rectangle

fchen
Text Box
ix



ix 

 

Figure 37: Annual heat flux of side 5 – soil 3 (low , high VHC) [custom scale]

........................................................................... 60 

Figure 38: Annual heat flux of side 5 – soil 4 (high , low VHC) [common scale]

........................................................................... 61 

Figure 39: Annual heat flux of side 5 – soil 4 (high , low VHC) [custom scale]

........................................................................... 61 

Figure 40: Annual heat flux of side 5 – soil 5 (average , average VHC) [common 

scale]..................................................................... 62 

Figure 41: Annual heat flux of side 5 – soil 5 (average , average VHC) [custom 

scale]..................................................................... 62 

Figure 42: Normalized heat loss of sides 1&2 for all soil types............ 64 

Figure 43: Normalized heat loss of sides 3&4 for all soil types............ 64 

Figure 44: Normalized heat loss of side 5 for all soil types............... 65 

 

 

  

fchen
Rectangle

fchen
Text Box
x



x 

 

List of Tables 

Table 1: Experimental variables affecting or affected by soil temperature.. 15 

Table 2: Material property inputs for HEAT3................................ 22 

Table 3: Soil properties................................................... 23 

Table 4: HEAT3 soil properties............................................. 25 

Table 5: Zehnder ComfoFond-L Eco 350 specifications........................ 26 

Table 6: Sample operating case conditions provided by manufacturer......... 26 

Table 7: Interpolated ground loop heat flux at various outside air temperatures

........................................................................... 28 

Table 8: Side 1 to 5 heat loss without the effect of a ground loop......... 32 

Table 9: Side 1 to 5 heat loss with the effect of a ground loop............ 33 

Table 10: Mesh size optimization results................................... 33 

Table 11: Test soil properties............................................. 34 

Table 12: Minimum and maximum building heat loss using test soils 1 to 8... 35 

Table 13: Weekly ground loop heat flux..................................... 38 

Table 14: Simulation cases................................................. 39 

Table 15: Average building heat loss for four ground loop clearances on sides 

1&2........................................................................ 53 

Table 16: Average building heat loss for four ground loop clearances on sides 

3&4........................................................................ 53 

fchen
Rectangle

fchen
Text Box
xi



xi 

 

Table 17: Building heat loss percent increase for four ground loop clearances 

on sides 1&2............................................................... 55 

Table 18: Building heat loss percent increase for four ground loop clearances 

on sides 3&4............................................................... 55 

Table 19: Building heat loss percent increase for four ground loop clearances 

on side 5.................................................................. 57 

Table 20: Average building heat loss for four ground loop clearances on side 5

........................................................................... 63 

Table 21: Side 1&2 heat loss – soil 1..................................... 87 

Table 22: Side 3&4 heat loss – soil 1..................................... 88 

Table 23: Side 5 heat loss – soil 1....................................... 90 

Table 24: Side 1&2 heat loss – soil 2..................................... 91 

Table 25: Side 3&4 heat loss – soil 2..................................... 93 

Table 26: Side 5 heat loss – soil 2....................................... 94 

Table 27: Side 1&2 heat loss – soil 3..................................... 96 

Table 28: Side 3&4 heat loss – soil 3..................................... 97 

Table 29: Side 5 heat loss – soil 3....................................... 99 

Table 30: Side 1&2 heat loss – soil 4.................................... 100 

Table 31: Side 3&4 heat loss – soil 4.................................... 102 

Table 32: Side 5 heat loss – soil 4...................................... 103 

Table 33: Side 1&2 heat loss – soil 5.................................... 105 

fchen
Rectangle

fchen
Text Box
xii



xii 

 

Table 34: Side 3&4 heat loss – soil 5.................................... 106 

Table 35: Side 5 heat loss – soil 5...................................... 108 

 

 

  

fchen
Rectangle

fchen
Text Box
xiii



xiii 

 

List of Appendices 

 Appendices ............................................................. 73 

A1 Zehnder ComfoFond-L Eco 350 Data Sheets and Brochure ............... 73 

A2 Owens Corning FOAMULAR® 150 XPS Rigid Foam Insulation Data Sheet ... 79 

A3 Simulation Results Data ............................................ 83 

 

 

 

fchen
Rectangle

fchen
Text Box
xiv



1 Introduction 

Using solar energy stored in the ground to preheat incoming fresh ventilation 

air with ground loops is a renewable energy system which is becoming more 

frequently used in new residential developments. The Passive House Institute US 

(PHIUS) in collaboration with Ryerson University was interested to investigate 

the effect of ground loop clearance on heat loss from the adjacent building.  

Energy in the ground can be used to preheat the ventilation fresh air 

supply at a relatively low cost. A ground loop preheat system functions by 

passing a freeze protected fluid through a horizontally buried ground loop to 

exchange heat with the soil, then passes the fluid through a fluid to air heat 

exchanger, which preheats incoming ventilation air. The ground loop can be 

installed in nearly any typical building excavation at various stages of 

construction since its clearance from foundation walls has traditionally been 

in the order of 1 m to 2 m. Further, it can be placed under slabs, beside 

footings, and in other trenches dug for utilities or drainage. A typical system 

consists of plastic piping, isolation valves, manifold headers, a fluid to air 

heat exchanger, a fluid circulator, a freeze protected fluid such as a 

refrigerant, expansion tank, air separator, and other closed-loop system 

components.  
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A ground loop preheat system has two main benefits. The first of which is 

that it eliminates the risk of freezing the core (or filters) of a coupled heat 

recovery ventilator (HRV) or energy recovery ventilator (ERV). HRVs and ERVs 

traditionally have in-duct electric resistance preheaters which add considerable 

operation costs, energy use and installation cost. According to Holladay (2015), 

using a ground loop system to preheat incoming ventilation air rather than an 

electric resistance heater leads to an annual savings of 244 kWh to 1315 kWh. 

Grunau and Craven (2015) found the sensible recovery efficiency (SRE) of a 

Zehnder ComfoAir 350 dropped from 88% to 49% when using an electric preheater, 

since the electricity used to preheat the intake air is accounted for in the 

SRE, which ultimately lowers it. In the case that the HRV or ERV does freeze, 

the defrost mode of these systems recirculates indoor air and prevents the 

delivery of fresh air. Therefore, eliminating the risk of freezing in a cost-

effective manner is the most beneficial approach. The second benefit of a ground 

loop preheat system is that it saves energy. The system itself consumes a very 

low amount of electrical power while the energy used to preheat the incoming 

ventilation air is “free” energy available in the soil, which is recharged 

mainly by solar radiation and by the energy stored below buildings that maintains 

stable soil temperatures.  

Typically, horizontal ground loops are buried in a shallow trench at a 

depth between 1.0m and 2.0m (GeoCom, 2007). These trenches are within soil 
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depths which experience seasonal temperature fluctuations, since daily 

fluctuations only penetrate within 0.1 m to 0.3 m of depth (Banks, 2008). Soil 

temperature fluctuations, which are caused by solar radiation, precipitation, 

and ambient air temperature are predictable and consistent. When a horizontal 

ground heat exchanger (HGHE) is installed in a heating dominated climate, the 

seasonal soil temperature distribution can be affected since energy flows from 

the ground to the ambient exterior for more than half of the year. Removing 

energy from the ground will decrease soil temperature and increase the 

temperature difference between the interior space of a building and the 

surrounding ground, which results in an increase in heat losses. As would be 

expected, the change in soil temperature caused by ground loops is highest at 

the soil-ground loop interface, with the effects minimizing as distance from 

the ground loop increases. To reduce the building heat loss caused by the 

operation of a ground loop, the loop should be installed as far from the building 

as possible; however, due to potential spacing constraints during construction, 

ground loops may need to be installed closer to a foundation wall.  As the 

ground loop comes closer to a foundation wall, the potential exists for increased 

heat loss from the adjacent building.  This effectively short-circuits the 

renewable aspect of the ground loop and increases energy loss from the building.  

This research explores the relationship between increased building heat loss, 

ground loop clearance and soil typology. 
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1.1 Objectives of the Major Research Project 

The main objective of this major research project (MRP) is to better understand 

the impact that ground loops, at various clearances from the foundation wall, 

have on a building’s heat loss. The secondary objective is to determine how 

the soil type and associated properties affect the impact that ground loop 

clearance has on the heat loss of the building. It is anticipated the findings 

from this research can be used to develop a guideline for prescribing ground 

loop clearance from foundation walls for the PHIUS+2018 standard. A simulation 

based approach was used to carry out the research. The analysis considered the 

impact that the environment and the operation of the ground loop have on the 

temperature profile of the soil surrounding a building. Once the cause and 

effect relationship between the independent and dependent variables is 

determined, then a prescriptive ground loop placement guideline for a wide range 

of systems can be developed. 
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1.2 Research Questions 

The aim of this research was to determine the building envelope heat losses 

induced by the operation of a ground loop at various distances from a foundation 

wall. The two proposed research questions are: 

1) What effect does shallow depth horizontal ground loop to foundation wall 

clearance have on the heat loss of a single family residential dwelling? 

2) How do the thermal properties of the surrounding soil affect the shallow 

depth horizontal ground loop clearance’s impact on the heat loss of a 

single family residential dwelling? 
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2 Literature Review 

2.1 Development of the Research Questions 

A ground loop preheat system is similar to a ground source heat pump (GSHP) 

system in that it extracts heat from the ground using horizontal ground heat 

exchangers (HGHE). Rosen and Koohi-Fayegh (2017) published a ground source 

design textbook which provides guidance for sizing ground loop piping, loop 

placement, ground loop length, and burial depth. However, details on ground 

loop placement relative to the building envelope were not provided, possibly 

because the focus of the HGHE design is to maximize heat transfer of the loop 

and the problem of additional building heat loss induced by the ground loop may 

not be obvious. In fact, the Bard Manufacturing Ground Coupled Loop System 

Design Manual (2007) only specifies loop placement relative to other loops and 

not the foundation wall. HGHEs function by circulating a lower temperature 

working fluid, typically a brine solution, through the closed loop piping 

system, which allows the fluid to extract heat from the ground. If efficiency 

of the system can be negatively impacted by the reduction of soil temperature, 

then it is possible that the building’s heat loss can be negatively impacted 

as well. 

There has been some research into a HGHE’s effect on soil temperature, 

such as Rosen and Koohi-Fayegh (2017) who observed that HGHE systems installed 
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in soils with high thermal conductivity could result in more significant impacts 

on the ambient soil temperature. They conducted an experiment on a ground loop 

system, with the results indicating that after 3 months of operation, the 

increase in soil temperature due to the ground loops was negligible at distances 

10m or greater. After 9 months of operation, the distance increased from 10m to 

17m. Temperature sensors were placed adjacent to the HGHE to determine the 

temperature increase resulting from ground loop operation. After 3 months of 

operation, the soil temperature was measured to be 0.2 to 0.8 °C higher than 

the far field soil temperature and after 9 months of operation, the soil 

temperature was measured to be 1.4 to 2.3 °C higher than the far field soil 

temperature. Far field soils are similar in composition to the HGHE test soil, 

but are located at a distance deemed sufficiently far from the temperature 

changing effects of the HGHE. 

Pauli, Neuberger, and Adamovsky (2016) conducted a study with the aim of 

analyzing temperature changes in the ground caused by a linear and slinky-type 

HGHE and determining the effect on temperature distribution in the ground. The 

results showed that the temperature difference between the reference average 

ground temperature and the HGHE area was 2.22 ± 1.23 °C for the linear HGHE 

and 3.05 ± 1.41 °C for the slinky-type HGHE. Research has been conducted to 

determine how soil temperature changes induced by HGHEs can impact the 

efficiency of the overall GSHP system. In fact, Gonzalez et al. (2012) conducted 
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a year-long study of a horizontal GSHP system located in the UK. The findings 

indicated that heat extraction can considerably alter soil temperatures and 

moisture content to the extent that GSHP and any other system using ground loops 

can have their efficiency be compromised. Continued heat extraction from the 

ground may cause the soil temperature to fall compared to its ‘natural’ 

temperature, which will affect the water and vapor transfer fluxes, thereby 

influencing the moisture content and thermal properties of the soil, which 

ultimately affects the performance of the ground loop system. Although this is 

an important issue, it has already been extensively covered by Li, Yang, and 

Zhang (2009). If ground loop system efficiency can be negatively impacted by 

ground heat extraction, then it is probable that a building’s heat loss can be 

negatively impacted too. Gonzalez et al. (2012) showed that the HGHE influenced 

the soil temperature within 0.6m from the central long axis of a straight HGHE 

and within 0.8m for a slinky-type HGHE. For soil depths from 0m to 0.2m, the 

HGHE had negligible effect on ground temperature since air temperature was shown 

to have a greater effect (Gonzalez et al, 2012). For a depth between 0.25m and 

0.3m, the HGHE was shown to have a more measurable effect on soil temperature. 

In November 2009, the soil temperature near the HGHE was 3°C lower than the 

reference soil with the temperature difference increasing to 6°C in September 

2010 (Gonzalez et al, 2012). At a depth of 1m, which was the burial depth of 

the HGHE, the temperature influence of the HGHE was observed to reach distances 
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up to 0.9m from the central long axis of the HGHE, which provides further 

evidence that a HGHE’s soil temperature influence could be between 0.6m and 

0.9m (Gonzalez et al, 2012). 

Researchers have investigated the penalty on GSHP efficiency related to 

HGHE-induced soil temperature changes, however; there is a lack of research 

into the effect that these changes in soil temperature would have on a building 

envelope, such as a basement foundation wall and basement slab. Installing a 

HGHE far from a building’s foundation in order to minimize its effect on nearby 

soil temperature may seem like a good proposition, but in reality, the horizontal 

ground loops must often be placed in close proximity to the building envelope 

due to cost and space constraints. The following four points summarize the 

current situation: 

 Ground loop operation causes the soil temperature to deviate from expected 

seasonal soil temperature distributions (Gonzalez et al, 2012). 

 There is research assessing the impact that soil temperature changes, 

caused by HGHE operation, have on ground loop system efficiency (Garber-

Slaght & Daanen, 2014). However, there is a lack of research into the 

effect HGHE operation may have on a building’s heat loss, possibly 

because GSHP efficiency can have more of an impact on a building’s energy 

use. 
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 Soil temperature changes result in a larger temperature difference between 

the indoor conditioned space and the surrounding soil, which would 

increase heat losses from the building (Rosenbaum, 2014). 

 Locating the ground loop further from the building envelope should reduce 

the ground loop’s impact on soil temperature near the building envelope, 

however; typical spacing and cost constraints result in the need for 

ground loops to be installed near foundation walls (Zheng, Zhang, Liang, 

& Qian, 2013). 

The aim of this research is to determine the additional building heat loss 

induced by the operation of a ground loop at various distances from a foundation 

wall. 

2.2 Development of the Simulation Methodology and Model 

This Section will provide details of the literature which resulted in the 

development of the methodology outlined in Section 3. The research will use a 

simulation based approach using HEAT3, a three-dimensional steady-state and 

transient heat transfer software. The model will be capable of accounting for 

ground loop operation, environmental conditions, building envelope, and soil 

properties.   

A simplified numerical and analytical model was utilized by Selamat, Miyara, 

and Kariya (2016) to optimize several different HGHE design arrangements. It 
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used 3D CFD models to carry out the analysis. Some of the simplifications 

included: the pipe wall modeled having zero thickness thus generated by the CFD 

solving process, a temperature boundary condition with a varying heat flux was 

imposed on the surface, adiabatic boundary conditions were applied to all four 

far field boundaries, and the bottom boundary had a geothermal heat flux of 65 

mW/m2 assigned. The geothermal heat flux boundary condition will be similar to 

a constant temperature boundary condition since deep soil temperatures are 

predictable and constant. It was later observed that the heat flow from the 

HGHE did not exceed 0.8m nor did it reach either the far field boundaries or 

the bottom boundary. However, it was noted by Rosen and Koohi-Fayegh (2017) 

that soil temperature effects of the HGHE was observed up to 17m away from the 

source, which is why the model used in this currently discussed research has 

far-field boundaries up to 30m away. Selamat, Miyara, and Kariya (2016) noted 

that the simplified model would penalize the accuracy of the CFD solution, 

however; the approach would be adequate in providing a comparison between the 

various test cases. This MRP will use a simplified analytical approach since 

the model should be sufficiently accurate when used as a comparative tool. 
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3 Methodology 

The software used to conduct the simulations detailed in this research was 

HEAT3, which is a three-dimensional steady-state and transient heat transfer 

software. HEAT3 was selected over other software such as TRNSYS 

(www.trnsys.com), ANSYS Fluent (www.ansys.com/Products/Fluids/ANSYS-Fluent), 

and GLD (Ground Loop Design) [www.groundloopdesign.com] for a variety of 

reasons. ANSYS Fluent focuses more on the fluid behavior within the ground loop, 

which was not of interest in this research. GLD, TRNSYS, and other GSHP design 

software were not selected because these programs focus on the ground loop 

design aspect, including number of loops, loop configurations (slinky versus 

horizontal), loop placement, and pipe size. These specialized programs are used 

to size the equipment of the system to meet a specified heating load. The main 

advantage of HEAT3 is that it’s a generalist software which allows the whole 

system to be evaluated, and it allowed for the monitoring of building heat loss 

to be focused on. The ground loop heat flux was calculated using the method 

outlined in Section 3.2.3, which is all a GSHP design software would have been 

needed for in this specific application. 

3.1 Experimental Variables to Consider 

The four major components of the overall system which affect or are affected by 

soil temperature are the environment, soil type, ground loop, and building 
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enclosure. The system is affected by the individual parameters of each 

component. In general, the environment and ground loop affect the soil 

temperature, which in turn affects the building’s heat loss or gains. Several 

important environmental variables that impact soil temperature were presented 

by Gonzalez et al. (2012) who attributed natural shallow (less than 3m depth) 

soil temperature variations to incident solar radiation, fluctuations in air 

temperature, type and density of vegetative cover, and rainfall. Gonzalez et 

al. (2012) discovered that vegetation growth in the spring could result in a 

soil temperature difference of 2°C between soil with and without vegetation 

growth. This was re-affirmed by Pauli, Neuberger, and Adamovsky (2016) who 

determined that environmental conditions such as solar radiation intensity and 

daytime and nighttime radiation heat exchange between the Earth’s surface and 

the sky played an important role on shallow soil temperatures. Further 

additional findings by Hepburn, Sedighi, Thomas, and Manju (2016) attributed 

soil temperature variations to the ambient environment’s relative humidity and 

wind speed. 

A review of the literature indicated that soil properties have the biggest 

impact on the thermal response of the soil. Gonzalez et al. (2012) showed that 

variations in soil temperature are a function of soil textural composition (i.e. 

proportions of sand, clay, and silt) and soil thermal properties such as heat 

capacity, thermal conductivity, and heat diffusivity. Further, the moisture 
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content of the soil, which is determined by rainfall, evapotranspiration, and 

soil hydraulic properties (i.e. properties affecting infiltration, drainage, 

and runoff) will also exhibit a strong effect on the soil’s thermal properties. 

In addition, Hepburn, Sedighi, Thomas, and Manju (2016) attributed a soil’s 

temperature profile to soil density, porosity, and saturated hydraulic 

conductivity. An experimental test performed by Neuberger, Adamovsky, and 

Sed’ova (2014) showed that the primary variable affecting the heat transfer in 

a soil was the thermal conductivity of the soil. The test also showed that 

thermal conductivity was most affected by moisture content. The tested thermal 

conductivities for a dry soil, regular soil, and wet soil were 0.6 W/m·K, 2.3 

W/m·K, and 2.7 W/m·K respectively. Frozen soils were shown to have a higher 

thermal conductivity than soils above 0 °C, with results showing that frozen 

clay soil had a thermal conductivity of 2.454 W/m·K compared to 1.616 W/m·K 

for clay soil above 0 °C. 

The overall heat transfer from the ground, which will affect soil 

temperature, is also influenced by the characteristics of the ground loop. 

Selamat, Miyara, and Kariya (2016) have shown that higher rates of heat transfer 

occur with slinky-type loops compared to straight horizontal loops due to 

increased contact area and turbulent fluid flow. In addition, Hepburn, Sedighi, 

Thomas, and Manju (2016) showed that system flow rate and specific heat capacity 

of the working fluid would also influence the heat transfer of the system. Other 
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variables proven to affect the heat transfer of the system are ground loop pipe 

diameter, length of piping, burial depth of pipe, spacing of the loops, working 

fluid density, and working fluid thermal conductivity, per findings by 

Neuberger, Adamovsky, and Sed’ova (2014). 

The final set of variables that must be considered are related to the 

building. The soil temperatures and distributions must be used in conjunction 

with details of the building envelope and conditioned space in order to determine 

the ground loop’s impact on building heat loss. Details to consider are the 

envelope details and construction (i.e. type of insulation), and material 

properties such as thickness, thermal conductivity, resistance, specific heat 

capacity, and vapor permeability. A summary of all the variables presented in 

this Section are listed in Table 1. 

Table 1: Experimental variables affecting or affected by soil temperature 

Environmental 

Variables 
Soil Variables Ground Loop Variables Building Variables 

 Solar radiation 

 Air temperature 

 Type and density 

of vegetative 

cover 

 Rainfall 

 Windspeed 

 Relative humidity 

 Radiation exchange 

between the 

surface and sky 

 Soil textural 

composition 

 Heat capacity 

 Thermal conductivity 

 Heat diffusivity 

 Thermal resistance 

 Moisture content 

 Density 

 Porosity 

 Saturated hydraulic 

conductivity 

 Slinky or straight 

configuration 

 Fluid flow rate 

 Fluid specific heat 

capacity 

 Fluid thermal 

conductivity 

 Fluid density 

 Pipe diameter 

 Pipe thermal 

conductivity 

 Length of pipe 

 Burial depth of pipe 

 Assembly details 

 Indoor conditions 

 Insulation type 

 Material 

thicknesses 

 Material specific 

heat capacity 

 Material vapor 

permeability 
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As previously stated, the primary variable affecting heat transfer in the soil 

is the soil’s thermal conductivity. The proposed research is not an 

investigation into how the various soil properties affect thermal conductivity, 

therefore, if the thermal conductivity of the soil is known, then knowing all 

other soil properties becomes less pertinent. For the environmental variables, 

solar radiation and air temperature are expected to be the main influencers of 

shallow depth ground temperature. Radiation exchange between the surface and 

sky could also have an impactful role. It is important to simplify the soil 

model as they can become quite complex. For the ground loop variables, it is 

expected that fluid flow rate, heat capacity, fluid temperature, and thermal 

conductivity will play the biggest role in determining the heat transfer of the 

system, and all ground loop variables listed in Table 1 should be considered. 

However, as will be shown in Section 3.2.3, the ground loop heat flux can be 

calculated using manufacturer provided data and specifications. As the research 

will focus on the impact to heat losses through the building envelope, all the 

building variables listed in Table 1 should be considered.  

HEAT3, a three-dimensional steady-state and transient heat transfer 

software, was used to conduct the simulations detailed in this research. The 

typical building typology for PHIUS is the single family detached home, which 

is what has driven the major simulation parameters of this research. As preheat 

ventilation air was the focus, Duluth, MN was selected as it is in climate zone 
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7. The three main components comprising the research methodology were the 

development of the model and inputs, testing of the model, and execution of the 

simulations. These components are discussed in further detail in Sections 3.2 

to 3.4. The following Sections will refer to sides 1&2, 3&4, and 5 of the 

building. They are defined in Figure 1. 

 

Figure 1: Interior surface identifiers 

3.2 Development of the Model 

The model was developed by understanding and selecting the input parameters 

required by the software, namely, the physical layout and geometry, the material 

and soil properties, expected ground loop heat fluxes, and boundary conditions. 

3.2.1 Model Geometry and Layout 

As this research was of interest to PHIUS, many parameters, including the model 

geometry and layout were influenced by their main typology, the single family 

detached house. The model excluded everything form the building except the 

Side 1 & 2 

Side 3 & 4 

Side 5 

(slab) 

N 
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basement foundation since the research focused on the interaction between the 

soil and the basement foundation walls. An exterior building footprint of 10m 

x 15m (150m2), equivalent to 134m2 of interior floor space was selected as this 

represents an average sized home in the United States (Perry, 2014). The building 

typology was selected to be a house with a basement foundation (rather than 

slab on grade) as changes in soil temperature would have the greatest thermal 

impact on this typology. The PHIUS recommended R-value of basement foundation 

walls in climate zone 7 is R-30, therefore, at R-5/inch, the thickness of the 

exterior insulation was set to 6 inches. The thickness of the concrete foundation 

walls was set to 8 inches, in line with typical foundation wall thickness 

requirements (FEMA, 2006). Finally, the interior ceiling height of the basement 

was set to 9 feet.  

With the physical dimensions of the building established, the next 

component of the model’s geometry to be determined was the size of the 

surrounding land, which will be referred to as the test plot. Selamat, Miyara, 

and Kariya (2016) developed an analytical simulation model with a test plot 

size of 10m length x 10m width which allowed for the safe assumption that the 

temperature on the far-field boundaries would have no effect on the ground heat 

exchanger. The depth of their test plot was set to 5m since at this distance, 

the temperature can be assumed to be constant for short time analysis. After 

consultation with industry experts and the findings presented in Section 2.2, 
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it was decided that the test plot size for this research was to be increased to 

75m long x 70m wide x 15m deep, which greatly exceeds the size used by Selamat, 

Miyara, and Kariya (2016). The larger test plot size provides additional 

assurance that assuming adiabatic conditions at the far-field boundaries is 

valid. Also, it has been shown that the ground temperature is constant at depths 

below 9m (Reysa, 2015). The test plot assumed there are no adjacent buildings 

nearby.  Figure 2  and Figure 3 present the three main materials in the HEAT3 

model, which are concrete (dark grey), soil (medium grey), and EPS insulation 

(light grey). 

 

Figure 2: HEAT3 model material types [1 of 2] 
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X 
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Figure 3: HEAT3 model material types [2 of 2] 
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The geometric dimensions, in meters, of the test plot and building are shown in 

Figure 4 (plan view) and Figure 5 (elevation view). 

 

Figure 4: Geometric dimensions of HEAT3 model [plan view] 

 

Figure 5: Geometric dimensions of HEAT3 model [elevation view] 

The brine geothermal heat exchanger equipment selected for this research was 

the Zehnder ComfoFond-L Eco 350 (data sheet provided in Appendix 7.1). This 

specific model was selected because it is suitable for residential applications, 
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is compatible with other Zehnder ERVs, and can be used in a variety of soil 

types such as sand, silt, loam, and clay. The relevant ground loop input 

parameters associated with the Zehnder ComfoFond-L Eco 350 specifications 

provided by the manufacturer are the following: pipe diameter of 3/4", single 

loop, and a burial depth of 1.2m (4 ft). After consultation with members of the 

PHIUS technical committee, it was agreed upon that based on their professional 

experience, a ground loop installation clearance of up to 200cm was typical. 

Therefore, to encompass a broad range of potential installations, the ground 

loop clearances, measured from edge of pipe to exterior insulation, were 

selected to be 10cm, 50cm, 100cm, and 200cm.  

3.2.2 Material Properties 

The relevant input parameters for the concrete foundation and EPS insulation 

used in the simulation are provided in Table 2. The properties were retrieved 

from data provided by Hutcheon and Handegord (1995) as well as from the Owens 

Corning FOAMULAR® 150 product data sheet (provided in Appendix 7.2). 

Table 2: Material property inputs for HEAT3 

Material Name 

Thermal 

Conductivity, k 

[W/(m·K)] 

Density, ρ 

[kg/m
3
] 

Specific Heat 

Capacity, c 

[J/kg·K] 

Volumetric Heat 

Capacity, VHC 

[MJ/m
3
·K] 

Concrete 1.32 2250 750 1.69 

EPS 0.036 29 1500 0.044 

 

HEAT3 requires the input of the volumetric heat capacity (VHC), which is the 

product between density and specific heat capacity. To decrease computation 
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time and the overall length of this MRP, the number of simulation variables 

were reduced. To do so, only one set of typical properties for the concrete and 

EPS were selected, however, this was not the case for the soil properties. The 

comprehensive list of soil properties shown in Table 3 was data provided by 

Hamdhan and Clarke (2010). As observed, the soils have a broad range of densities 

(1390 to 2369 kg/m3), thermal conductivities (0.15 to 5.03 W/m·K), specific 

heat capacities (800 to 2646 J/kg·K), and volumetric heat capacities (1.11 to 

4.37 MJ/m3·K). 

Table 3: Soil properties 

Soil Type 

Bulk 

Density, ρ 

[kg/m
3
] 

Thermal 

Conductivity, k 

[W/(m·K)] 

Specific Heat 

Capacity, c 

[J/(kg·K)] 

Volumetric Heat 

Capacity, VHC 

[MJ/(m
3
·K)] 

Fine Sand (Dry) 1600 0.15 800 1.28 

China Clay (Dry) 1390 0.25 800 1.11 

Course Sand (Dry) 1800 0.25 800 1.44 

Medium Sand (Dry) 1700 0.27 800 1.36 

China Clay (Sat.) 1730 1.52 2362 4.09 

Sandy Clay 1 1890 1.61 1696 3.21 

Sandy Clay 2 2100 2.45 1459 3.06 

Fine Sand (Sat.) 2010 2.75 1632 3.28 

Soft Grey Fine Sandy 

Clay 
1741 3.03 2200 3.83 

Stiff Grey Brown Sandy 

Gravelly Clay 
2352 3.2 1104 2.6 

Stiff Dark Grey Sandy 

Gravelly Clay 
2369 3.28 1125 2.67 

Medium Sand (Sat.) 2080 3.34 1483 3.08 

Very Soft Grey Fine 

Sandy Clay 
1711 3.51 2362 4.04 

Soft Dark Grey Sandy 

Gravelly Clay 
1912 3.57 1764 3.37 

Stiff Dark Grey Sandy 

Gravelly Clay 
2299 3.69 1141 2.62 

Course Sand (Sat.) 2080 
3.72 1483 3.08 

Soft Grey Fine Sandy 

Clay 
1650 4.2 2646 4.37 

Dark Grey Clayey Fine 

Sand Silt  
1848 4.26 1747 3.23 
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Soil Type 

Bulk 

Density, ρ 

[kg/m
3
] 

Thermal 

Conductivity, k 

[W/(m·K)] 

Specific Heat 

Capacity, c 

[J/kg·K] 

Volumetric Heat 

Capacity, VHC 

[MJ/m
3
·K] 

Grey Slightly Silty 

Sandy Gravel 
1983 4.44 1175 2.33 

Made Ground, Silty 

Gravelly Sand 
2182 5.03 1270 2.77 

 

The typical soil found in the Superior Area of Minnesota is composed of 

lacustrine deposits of silt and clay (Caine & Lyman, 1904). There are numerous 

streams flowing directly north into Lake Superior and the Nemadji River (Caine 

& Lyman, 1904). The number of streams combined with the agricultural potential 

of the soil would suggest the clay has relatively high moisture content, 

indicating it would have a high thermal conductivity soil. However, after the 

testing performed in Section 3.3.3 demonstrated that the building’s heat loss 

greatly depends on the properties of the surrounding soil, it was decided that 

five soil types covering a broad range of soil properties be used in the analysis 

to ensure a more complete picture of the results was captured. Five discrete 

soil properties were selected from Table 3, covering a broad range of thermal 

conductivities and volumetric heat capacities. The soils covered the following 

ranges: soil 1 (low thermal conductivity, low volumetric heat capacity), soil 

2 (high thermal conductivity, high volumetric heat capacity), soil 3 (low 

thermal conductivity, high volumetric heat capacity), soil 4 (high thermal 

conductivity, low volumetric heat capacity), and soil 5 (average thermal 

conductivity, average volumetric heat capacity). By using five soils to cover 



25 

 

a range of parameters, the number of variables and hence simulation time was 

greatly reduced. The soil properties used in this analysis that are provided in 

Table 4, were sourced from Table 3. Since the analysis was limited by five soil 

types, it was more beneficial to select soil properties based on actual results 

rather than a linear approach to allow for a greater diversity of soil properties 

to be tested in the analysis. Although Soil 1 and 3 were selected to have low 

thermal conductivities, it was only Soil 1 with a thermal conductivity of 0.25 

W/(m·k), which showed the most observable trends. If Soil 1 and Soil 3 both 

had a thermal conductivity of 1.52 W/(m·k) rather than 0.25 W/(m·k), then the 

trends observed would have led to different or weaker conclusions. The drawback 

of the using actual soil results instead of a more linear approach is that the 

effect of volumetric heat capacity couldn’t be fairly compared. If Soil 1 and 

3 had the same thermal conductivity, but two different volumetric heat 

capacities, then the effect of varying volumetric heat capacity could accurately 

be compared. 

Table 4: HEAT3 soil properties 

Soil 

Number 

Thermal 

Conductivity, k 

[W/(m·K)] 

Volumetric Heat 

Capacity, VHC 

[MJ/m
3
·K] 

Soil 1 0.25 1.36 

Soil 2 4.44 4.04 

Soil 3 1.52 3.83 

Soil 4 4.20 1.46 

Soil 5 2.73 2.84 
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3.2.3 Ground Loop Heat Flux 

This Section details the methodology used to estimate the ground loop heat flux 

based on the outside air temperature. The relevant specifications for the 

geothermal recovery unit used in this research are summarized in Table 5 (data 

sheet is provided in Appendix 7.1).  

Table 5: Zehnder ComfoFond-L Eco 350 specifications 

Operating Temperature -22°C to +45°C 

Pre-Heat Capacity +1864 W 

Pre-Cool Capacity -1961 W 

Flow Rate 8 L/min 

 

The manufacturer’s data sheet also provided two sample operating cases of the 

geothermal recovery unit (GRU), which provided the information required to 

calculate the heat transfer rate under those specific conditions. The two sample 

operating cases provided in addition to the density and specific heat capacity 

of air at the corresponding conditions are presented in Table 6. 

Table 6: Sample operating case conditions provided by manufacturer 

Condition Summer Winter 

Supply Air Temperature 17 °C 6.5 °C 

Outside Air Temperature 35 °C -12 °C 

Airflow Rate 250 m
3
/hr 250 m

3
/hr 

Specific Heat Capacity 0.718 kJ/(kg·K) 0.718 kJ/(kg·K) 

Density 1.15 kg/m
3
 @ 35 °C 1.34 kg/m

3
 @ -10 °C 
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The heat transfer rate was calculated using the following equation: 

Q = ṁcΔT   [1] 

Where, Q = heat transfer rate [W] 

  ṁ = mass flow rate of air [kg/s] 

  c = specific heat capacity of air [J/(kg·K)] 

      ΔT = temperature difference of supply and outside air [°C] 

 

The heat fluxes for the summer and winter operating cases were calculated to be 

1028 W and -1237 W respectively. It was assumed that the maximum pre-cool 

capacity of 1864 W was for the maximum GRU operating temperature of +45 °C and 

that the maximum pre-heat capacity of -1961 W was for the minimum GRU operating 

temperature of -22 °C. These four heat fluxes and outdoor air temperatures 

were used to interpolate the supply air temperatures corresponding to outdoor 

air temperatures within the -22 °C to +45 °C operating range of the GRU. The 

temperature difference between the outside air temperature and interpolated 

supply air temperature, along with the mass flow rate and specific heat capacity 

of air were used to calculate the heat fluxes of the ground loop at various 

outside air temperatures. The calculated heat fluxes are shown in Table 7. 
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Table 7: Interpolated ground loop heat flux at various outside air temperatures 

Parameter A B C D E F G H 

Heat Flux [W] 1961 1495 1028 787 546 305 64 -177 

Supply Air 

Temperature 

[°C] 

19.9 21.0 17 20.3 18.4 16.4 14.2 12.0 

Outside Air 

Temperature 

[°C] 

45 40 35 30 25 20 15 10 

ΔT[°C] 25.1 19.0 18 9.7 6.6 3.6 0.8 -2.0 

Air Density 

[kg/m
3
] 

1.118 1.127 1.1455 1.1644 1.1839 1.2041 1.225 1.2466 

Parameter I J K L M N O P 

Heat Flux [W] -418 -659 -900 -1141 -1237 -1425 -1739 -1864 

Supply Air 

Temperature 

[°C] 

9.7 7.3 4.8 2.2 6.5 0.0 -2.1 -3.2 

Outside Air 

Temperature 

[°C] 

5 0 -5 -10 -12 -15 -20 -22 

ΔT[°C] -4.7 -7.3 -9.8 -12.2 -18.5 -15.0 -17.9 -18.8 

Air Density 

[kg/m
3
] 

1.269 1.2922 1.3163 1.3413 1.3413 1.3673 1.3943 1.4224 

 

To summarize, the bolded values in columns, A, C, M, and P of Table 7 were 

provided by the manufacturer and subsequently used to interpolate all other 

values in the Table. The outside air temperature was chosen at 5 °C increments 

between the -22 °C to +45 °C operating range of the GRU. Columns A and C were 

used to interpolate column B, columns C and M were used to interpolate columns 

D to L, and columns M and P were used to interpolate columns N and O. To 

calculate the ground loop heat flux, Equation 1 was used along with the 

interpolated supply air temperature and assumed air flow rate of 250 m3/hr. 
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3.2.4 Boundary Conditions 

The model contains the following three types of boundary conditions: imposed 

temperature (allows for temperature variance over time), constant temperature 

(constant with time), and adiabatic (no heat transfer). These three types of 

boundary conditions were applied to the model as follows: 

1) The test plot’s four far field boundaries and building’s basement 

foundation wall to first floor wall interface had adiabatic boundary 

conditions applied. This assumed no other heat sources or sinks were 

within an appreciable distance to affect the results. 

2) The interior walls and floor of the building had a constant temperature 

boundary condition of 21°C applied. 

3) The test plot’s bottom boundary had a constant temperature boundary 

condition of 3.9°C applied, which is the temperature of the soil at a 

depth of 30 feet in Duluth, MN (Reysa, 2015). 

4) The test plot’s top boundary, the soil to air interface, had an imposed 

temperature boundary condition applied. The boundary condition used the 

TMY2 climate data file for Duluth, MN which allowed for the temperature 

to vary throughout the year on a daily basis. This assumed that the 

temperature at the soil’s surface was the same as the outside air 

temperature. 
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The applied boundary conditions are shown in Figure 6 to Figure 8. 

 

Figure 6: HEAT 3 boundary conditions [1 of 3] 

 

Figure 7: HEAT 3 boundary conditions [2 of 3] 
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  Adiabatic 
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Figure 8: HEAT 3 boundary conditions [3 of 3] 

3.3 Testing of the Model 

The completed HEAT3 model was subjected to various tests to determine when 

steady state would be reached, what mesh size was optimal, and if multiple soil 

types were necessary. 

3.3.1 Steady State Testing 

The HEAT3 model was tested to determine when steady state soil temperatures 

would be reached for two cases: test site without a ground loop and test site 

with a ground loop. To ensure the analysis produced reliable results, it was 

important to first reach steady state without the ground loop, then to reach 

steady state again with the ground loop. Table 8 shows the heat loss of sides 

1 to 5 for the test site without the influence of a ground loop. As can be 

  Constant Temperature (3.9°C) 

  Adiabatic 
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observed, the change in heat loss is essentially 0% between years 14 and 15. 

This indicates that steady state soil temperatures are reached by year 15. 

Table 8: Side 1 to 5 heat loss without the effect of a ground loop 

Year 

Side 1 

Heat 

Loss 

[W] 

Change 

from 

Previous 

Year [%] 

Side 2 

Heat 

Loss 

[W] 

Change 

from 

Previous 

Year [%] 

Side 3 

Heat 

Loss 

[W] 

Change 

from 

Previous 

Year [%] 

Side 4 

Heat 

Loss 

[W] 

Change 

from 

Previous 

Year [%] 

Side 5 

Heat 

Loss 

[W] 

Change 

from 

Previous 

Year [%] 

1 131.90 - 131.90 - 199.67 - 199.67 - 378.92  

2 130.33 1.20 130.33 1.20 197.19 1.26 197.19 1.26 345.78 9.58 

3 129.44 0.69 129.44 0.69 195.78 0.72 195.78 0.72 327.37 5.62 

4 128.92 0.40 128.92 0.40 194.96 0.42 194.96 0.42 316.71 3.37 

5 128.61 0.24 128.61 0.24 194.48 0.25 194.48 0.25 310.49 2.00 

6 128.44 0.13 128.44 0.13 194.20 0.14 194.20 0.14 306.86 1.18 

7 128.33 0.09 128.33 0.09 194.03 0.09 194.03 0.09 304.73 0.70 

8 128.27 0.05 128.27 0.05 193.93 0.05 193.93 0.05 303.48 0.41 

9 128.23 0.03 128.23 0.03 193.88 0.03 193.88 0.03 302.75 0.24 

10 128.21 0.02 128.21 0.02 193.84 0.02 193.84 0.02 302.32 0.14 

11 128.20 0.01 128.20 0.01 193.83 0.01 193.83 0.01 302.07 0.08 

12 128.19 0.01 128.19 0.01 193.81 0.01 193.81 0.01 301.93 0.05 

13 128.19 0.00 128.19 0.00 193.81 0.00 193.81 0.00 301.84 0.03 

14 128.19 0.00 128.19 0.00 193.80 0.01 193.80 0.01 301.79 0.02 

15 128.19 0.00 128.19 0.00 193.80 0.00 193.80 0.00 301.76 0.01 

 

Table 9 shows the heat loss of side 1 to 5 for the test site with the influence 

of a ground loop. According to NPARC (2008), iterative convergence can be 

considered to have occurred when the results begin to converge. The convergence 

criteria is defined by acceptable error in these values, which should be selected 

by the user (NPARC, 2008). As can be observed in Table 9, the change in heat 

loss is less than 5% between years 4 and 5. Based on the nature of this analysis, 

this author has deemed that using an acceptable error of 5% will provide 

sufficient accuracy in the results. Assuming the ground loop heat flux does not 

vary year to year, then steady state soil temperatures will be reached by year 

5. 
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Table 9: Side 1 to 5 heat loss with the effect of a ground loop 

Year 

Side 1 

Heat 

Loss 

[W] 

Change 

from 

Previous 

Year [%] 

Side 2 

Heat 

Loss 

[W] 

Change 

from 

Previous 

Year [%] 

Side 3 

Heat 

Loss 

[W] 

Change 

from 

Previous 

Year [%] 

Side 4 

Heat 

Loss 

[W] 

Change 

from 

Previous 

Year [%] 

Side 5 

Heat 

Loss 

[W] 

Change 

from 

Previous 

Year [%] 

1 -16.07 - -16.07 - -1.89 - -1.89 - 159.00 - 

2 -10.87 47.87 -10.87 47.87 4.18 -145.30 4.18 -145.30 189.10 -15.92 

3 -9.94 9.33 -9.94 9.33 5.37 -22.26 5.37 -22.26 200.25 -5.57 

4 -9.54 4.16 -9.54 4.16 5.92 -9.27 5.92 -9.27 206.14 -2.86 

5 -9.32 2.37 -9.32 2.37 6.18 -4.21 6.18 -4.21 209.72 -1.71 

 

3.3.2 Mesh Size Optimization 

In HEAT3, the numerical mesh can be automatically generated by specifying the 

number of computational cells per element, Ni. The computational cell count can 

vary from a minimum of Ni = 20 to a maximum of Ni = 130. The number of 

computational cells are applied in an equidistant manner in each direction of 

the element. Like other finite element software, smaller mesh sizes (i.e. a 

higher number of computational cells) will result in more accurate results as 

well as longer computation times. The purpose of the testing in this section 

was to determine the minimum amount of computation cells per element that would 

provide sufficiently accurate results, thereby avoiding unnecessary 

computational load. As observed in Table 10, the percent change in results from 

Ni = 80 to Ni = 100 is less than 1%, which indicated that a cell count larger 

than Ni = 100 was not necessary. 

Table 10: Mesh size optimization results 

Cell Count 

[Ni] 
20 40 60 80 100 

Side # 1 3 5 1 3 5 1 3 5 1 3 5 1 3 5 

Heat Loss [W] 199.2 302.4 407.0 196.1 298.7 429.2 195.3 295.8 442.3 195.9 296.2 451.3 195.5 296.0 455.5 

Change from 

Previous [%] 
- - - 1.53 1.24 5.45 0.44 0.95 3.04 0.35 0.14 2.06 0.21 0.08 0.93 

Computation 

Time 
1min 5s 3min 6min 36s 14min 30min 
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3.3.3 Soil Properties Sensitivity Test 

The two soil properties that must be input into the HEAT3 model are thermal 

conductivity and volumetric heat capacity (i.e. the product of the density and 

specific heat capacity). This soil test was conducted to determine if using one 

soil type in the analysis would be satisfactory in providing sufficient result 

quality. As there are countless different soil types and combinations of soil 

types, it was important to reduce the number of soils used in the analysis to 

decrease computation time. Table 11 provides the input parameters of eight test 

soils, which were used to determine how much variance in the results they would 

cause. 

Table 11: Test soil properties 

Soil 

Number 

Thermal 

Conductivity, k 

[W/(m·K)] 

Volumetric Heat 

Capacity, VHC 

[MJ/m
3
·K] 

Test Soil 1 0.50 3.00 

Test Soil 2 1.50 3.00 

Test Soil 3 3.00 3.00 

Test Soil 4 4.50 3.00 

Test Soil 5 2.60 1.00 

Test Soil 6 2.60 2.00 

Test Soil 7 2.60 3.00 

Test Soil 8 2.60 4.00 

 

Eight simulations were run while holding all parameters constant except the 

soil type. The minimum and maximum heat losses of side 1 of the building over 

a 15-year simulation period are presented in Table 12. The maximum heat loss 

observed ranged from 153.5 W to 246.5 W and the minimum heat loss observed 

ranged from 23.8 W to 36.5 W. The large variance in results showed that soil 
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type can have a significant impact on the heat loss of the building, which is 

why the decision was made to use five soil types to cover the following ranges 

in the analysis: soil 1 (low thermal conductivity, low volumetric heat 

capacity), soil 2 (high thermal conductivity, high volumetric heat capacity), 

soil 3 (low thermal conductivity, high volumetric heat capacity), soil 4 (high 

thermal conductivity, low volumetric heat capacity), and soil 5 (average thermal 

conductivity, average volumetric heat capacity). 

Table 12: Minimum and maximum building heat loss using test soils 1 to 8 

Soil Type Test Soil 

1 

Test Soil 

2 

Test Soil 

3 

Test Soil 

4 

Test Soil 

5 

Test Soil 

6 

Test Soil 

7 

Test Soil 

8 

Minimum 

Heat Loss 

[W] 

33.6 34.1 33.7 32.8 23.8 30.4 33.8 36.5 

Maximum 

Heat Loss 

[W] 

153.5 203.9 229.7 242.2 246.5 232.8 224.8 219.2 

 

Test soils 1 to 4 had thermal conductivity varied while holding the 

volumetric heat capacity constant while test soils 5 to 8 had thermal 

conductivity held constant and volumetric heat capacity varied. As observed in 

Table 12, there is more variance in the maximum heat losses for test soils 1 to 

4 compared to test soils 5 to 8, indicating that thermal conductivity has a 

bigger impact on heat loss than volumetric heat capacity. This resulted in the 

research focusing on the effect of thermal conductivity rather than volumetric 

heat capacity. 
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3.4 Simulation Methodology 

The final component comprising the overall research methodology was the 

simulation methodology. Figure 9 provides an overall summary of the main 

variables for the simulations.  

 

Figure 9: Manipulated and fixed variables in the analysis 

The control variables include the location (Duluth, MN), building typology 

(average sized single family detached home with basement foundation), and 

basement insulation (EPS, R-30). The independent variables are the soil type 

(five different types) and ground loop clearance from the foundation wall (four 

different clearances). The manipulated and fixed variables amounted to twenty 

different cases. The dependent variable in the simulation is the building heat 

loss. 

The transient simulation function of HEAT3 had one major limitation. 

Unlike the surface temperature boundary condition which uses a TMY2 file as a 

100cm Clearance 

Duluth, MN 

Soil 3 

Single Family Detached Home 

w/ basement foundation 

R-30 

Soil 5 Soil 1 Soil 4 Soil 2 

50cm Clearance 10cm Clearance 200cm Clearance 

Location 

Soil Type 

Typology 

Insulation Level 

Ground Loop 

Clearance 
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time step function to vary temperature over time, the ground loop heat flux 

could not be input as a time step function, preventing automated daily variation. 

Instead, the ground loop heat flux had to be manually input every time there 

was a change in heat flux. Manually changing the heat flux daily over a 5-year 

simulation period for twenty cases would result in 36,500 input changes. To 

reduce the number of changes, it was decided that the ground loop heat flux 

would be changed on a weekly basis instead. This reduced the total number of 

simulation input changes down to 5,200. To determine the weekly ground loop 

heat flux, the average weekly outdoor air temperature in Duluth was matched 

with the corresponding expected ground heat fluxes previously presented in Table 

7 of Section 3.2.3. The average outdoor temperature and weekly expected ground 

heat fluxes for all 52 weeks of the year in Duluth are presented in Table 13.   
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Table 13: Weekly ground loop heat flux 

Week No. 
Average  

Temperature [°C] 

Ground Loop 

Heat Flux [W] 

 
Week No. 

Average  

Temperature [°C] 

Ground Loop 

Heat Flux [W] 
1 -10.0 -1141  27 21.6 401 

2 -15.6 -1488  28 20.3 305 

3 -5.3 -900  29 17.6 209 

4 -18.1 -1613  30 15.6 112 

5 -22.6 -1864  31 17.9 209 

6 -14.5 -1425  32 18.2 209 

7 -11.9 -1237  33 19.2 257 

8 -1.9 -755  34 15.5 112 

9 -9.0 -1093  35 12.1 -81 

10 -11.8 -1237  36 16.1 112 

11 -1.2 -707  37 12.0 -81 

12 -2.2 -755  38 7.9 -273 

13 -1.7 -755  39 8.8 -225 

14 1.8 -563  40 8.9 -225 

15 3.6 -466  41 7.4 -322 

16 2.9 -514  42 4.7 -418 

17 3.1 -514  43 4.6 -418 

18 6.2 -370  44 3.7 -466 

19 8.8 -225  45 3.9 -466 

20 7.2 -322  46 -1.5 -755 

21 11.5 -81  47 -9.2 -1093 

22 12.7 -32  48 -6.1 -948 

23 14.0 16  49 -7.6 -1045 

24 17.2 160  50 -13.5 -1368 

25 13.4 -32  51 -13.2 -1311 

26 18.2 209  52 -11.4 -1198 

 

The simulation on a per case basis was performed as such: 

1) A 15-year simulation with no ground loop was first performed to reach 

steady state soil temperatures in the model. 

2) The ground loop was placed in the model at the specified ground loop 

clearance and depth. 

3) The week 1 ground loop heat flux was then input (i.e. -1141 W). 

4) The simulation time period was set as day 0 to day 7 (i.e. week 1). 

5) The simulation was run with the results automatically being recorded. 
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6) Steps 3 to 5 were repeated for the next week (i.e. week 2 with a ground 

loop heat flux of -1488 W and time period of day 7 to day 14). 

7) Step 6 was repeated until 3 simulation years were completed. If the 

percent change in results between year 2 and 3 were below 5%, the 

simulation was considered complete. If the percent change was above 5%, 

the simulation was continued until the year to year percent change in 

results was below 5%. The time to reach steady state for all cases varied 

between 3 to 5 years and depended mainly on the soil properties. 

8) Steps 1 to 7 were completed for all twenty test cases. (i.e. case 1 is 

soil 1 with a ground loop clearance of 10cm and case 2 is soil 1 with a 

ground loop clearance of 50cm, etc). A listing of all simulation cases 

are presented in Table 14. 

Table 14: Simulation cases 

Case No. 
Ground Loop 

Clearance [cm] 
Soil Type  Case No. 

Ground Loop 

Clearance [cm] 
Soil Type 

1 10 1  11 100 3 

2 50 1  12 200 3 

3 100 1  13 10 4 

4 200 1  14 50 4 

5 10 2  15 100 4 

6 50 2  16 200 4 

7 100 2  17 10 5 

8 200 2  18 50 5 

9 10 3  19 100 5 

10 50 3  20 200 5 
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4 Results and Discussion 

The heat transfer losses and gains for all five interior surfaces of the building 

were recorded for every simulation case. The source data can be found in Appendix 

7.3. Due to the building’s rectangular shape, only 3 unique results are 

presented since sides 1 and 2 and sides 3 and 4 are identical. Figure 10 provides 

the identifiers for each interior surface. 

 

Figure 10: Interior surface identifiers 

Figure 11 through Figure 30 represent the annual heat fluxes for sides 1&2 and 

3&4, for soils 1 through 5, of the building for the following situations: no 

ground loop present, ground loop with 10cm clearance, ground loop with 50cm 

clearance, ground loop with 100cm clearance, and ground loop with 200cm 

clearance. 

Sides 1 & 2 

Sides 3 & 4 

Side 5 

(slab) 
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Figure 11: Annual heat flux of sides 1&2 – soil 1 (low , low VHC) [common scale] 

 

Figure 12: Annual heat flux of sides 1&2 – soil 1 (low , low VHC) [custom scale] 
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Figure 13: Annual heat flux of sides 1&2 – soil 2 (high , high VHC) [common scale] 

 

Figure 14: Annual heat flux of sides 1&2 – soil 2 (high , high VHC) [custom scale] 
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Figure 15: Annual heat flux of sides 1&2 – soil 3 (low , high VHC) [common scale] 

 

Figure 16: Annual heat flux of sides 1&2 – soil 3 (low , high VHC) [custom scale] 
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Figure 17: Annual heat flux of sides 1&2 – soil 4 (high , low VHC) [common scale] 

 

Figure 18: Annual heat flux of sides 1&2 – soil 4 (high , low VHC) [custom scale] 
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Figure 19: Annual heat flux of sides 1&2 – soil 5 (avg , avg VHC) [common scale] 

 

Figure 20: Annual heat flux of sides 1&2 – soil 5 (avg , avg VHC) [custom scale] 
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Figure 21: Annual heat flux of sides 3&4 – soil 1 (low , low VHC) [common scale] 

 

Figure 22: Annual heat flux of sides 3&4 – soil 1 (low , low VHC) [custom scale] 
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Figure 23: Annual heat flux of sides 3&4 – soil 2 (high , high VHC) [common scale] 

 

Figure 24: Annual heat flux of sides 3&4 – soil 2 (high , high VHC) [custom scale] 
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Figure 25: Annual heat flux of sides 3&4 – soil 3 (low , high VHC) [common scale] 

 

Figure 26: Annual heat flux of sides 3&4 – soil 3 (low , high VHC) [custom scale] 
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Figure 27: Annual heat flux of sides 3&4 – soil 4 (high , low VHC) [common scale] 

 

Figure 28: Annual heat flux of sides 3&4 – soil 4 (high , low VHC) [custom scale] 
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Figure 29: Annual heat flux of sides 3&4 – soil 5 (average , average VHC) [common scale] 

 

Figure 30: Annual heat flux of sides 3&4 – soil 5 (average , average VHC) [custom scale] 
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Several observations from the results presented in Figure 11 to Figure 30 can 

be made. First, the thermal conductivity of the soil impacts the effect that 

the ground loop clearance has on the building’s heat loss. The soils with a 

higher thermal conductivity have narrower gaps in heat flux between the various 

ground loop clearances (i.e. trend lines are compressed closer). Arranging soils 

1 to 5 from highest to lowest thermal conductivity results in the following 

order: soil 2, soil 4, soil 5, soil 3, then soil 1. This is the same order in 

terms of narrowest heat flux gap between ground loop clearances to largest heat 

flux gap (i.e. low effect to high effect of ground loop clearance), indicating 

a correlation between thermal conductivity and the ground loop clearance’s 

impact on heat flux. A high thermal conductivity soil will reduce the effect 

that the ground loop clearance has on the building’s heat loss. The opposite 

is true for a soil with low thermal conductivity. 

As shown in Table 15 and Table 16, for a ground loop clearance of 10cm, 

the building’s highest average heat loss of 10.0 W/m2 for sides 1&2 and 7.5 

W/m2 for sides 3&4 occurs with soil 1, which has the lowest thermal conductivity. 

Conversely, the building’s lowest average heat loss of 4.2 W/m2 for sides 1&2 

and 3.9 W/m2 for sides 3&4 occurs with soil 2, which has the highest thermal 

conductivity. At a ground loop clearance of 10cm, the building’s heat loss is 

shown to have a direct correlation with thermal conductivity. Although this 

result may seem counterintuitive, the reason for this correlation could be due 
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to the close-proximity ground loop reducing the temperature of the soil directly 

adjacent to the foundation wall. The insulative surrounding soil (i.e. low 

thermal conductivity) inhibits the adjacent soil’s ability to be recharged by 

the outdoor air and stable temperature soil below. This results in the adjacent 

soil temperatures remaining low, which has the overall effect of increased 

building heat losses. See Figure 31 for a schematic representation. Conversely, 

it can be viewed that the soil with high thermal conductivity allows heat 

escaping the building to more freely travel in various directions, thus less of 

it reaching the ground loop. 

 

Figure 31: Schematic of the effect of an insulative soil 

For 10cm clearance cases with high thermal conductivity soils, the soil 

temperature adjacent to the building can recharge quicker, leading to overall 

higher soil temperatures at the foundation wall and reduced building heat loss. 
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Table 15: Average building heat loss for four ground loop clearances on sides 1&2 

Thermal 

Conductivity, 

k [W/(m·K)] 

Average Heat Loss [W/m
2
] 

Ground Loop Clearance 

10cm 50cm 100cm 200cm 
0.25 [Soil 1] 10.0 7.3 5.4 3.5 

1.52 [Soil 3] 5.2 4.5 4.0 3.5 

2.73 [Soil 5] 4.6 4.2 3.9 3.6 

4.20 [Soil 4] 4.3 4.0 3.8 3.6 

4.44 [Soil 2] 4.2 3.9 3.8 3.6 

 

Table 16: Average building heat loss for four ground loop clearances on sides 3&4 

Thermal 

Conductivity, 

k [W/(m·K)] 

Average Heat Loss [W/m
2
] 

Ground Loop Clearance 

10cm 50cm 100cm 200cm 

0.25 [Soil 1] 7.5 5.7 4.5 3.3 

1.52 [Soil 3] 4.6 4.1 3.8 3.4 

2.73 [Soil 5] 4.1 3.9 3.7 3.4 

4.20 [Soil 4] 3.9 3.8 3.6 3.5 

4.44 [Soil 2] 3.9 3.7 3.6 3.5 

 

The average soil 1 building heat loss at clearances of 10cm, 50cm, and 100cm is 

greater than the average for soils 2 to 5. For sides 1&2, and all soils, the 

average building heat loss at a 10cm, 50cm, and 100cm clearance varies between 

4.2 W/m2-10.0 W/m2, 3.9 W/m2-7.3 W/m2, and 3.8 W/m2-5.4 W/m2 respectively. This 

indicates that the soil type has an impact on the ground loop clearance’s 

effectiveness on reducing building heat loss. However, for a clearance of 200cm, 

the average heat loss for soil 1 is essentially equal to the heat loss of soils 

2 to 5. At a 200cm clearance, the average building heat loss for all soils 

varies between 3.5 W/m2-3.6 W/m2, which indicates that soil type has a limited 

impact on the ground loop clearance’s effectiveness on reducing building heat 
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loss when the ground loop clearance is 200cm. The same trends for sides 1&2 are 

observed for sides 3&4. Comparing soil 1 to soils 2 to 5, it is observed that 

the average building heat loss significantly drops as ground loop clearance is 

increased, indicating it is more beneficial for low thermal conductivity soils 

to have ground loops with greater clearances. In all cases, the building heat 

loss reduces with increasing ground loop clearance. 

The second observation from Figure 11 to Figure 30, is that for all soil 

types, the trend line spacing between the 200cm ground loop clearance case and 

the no ground loop case is narrow, which indicates that the ground loop’s 

influence on the building’s heat loss is minimal when the ground loop is placed 

200cm away. On average, the ground loop with a 200cm clearance increased the 

building’s heat losses by 15% on sides 1&2 and by 12% on sides 3&4. Conversely, 

a ground loop with a 10cm clearance, on average, increased the building’s heat 

losses by 83% on sides 1&2 and by 59% on sides 3&4. The average building heat 

loss increase for a 50cm clearance ground loop was 55% for sides 1&2 and 40% 

for sides 3&4. For a 100cm clearance ground loop, the average building heat 

loss was increased by 35% for sides 1&2 and 26% for sides 3&4. The heat loss 

percent increase, with no ground loop present as the baseline, for all four 

clearances and all five soil types for sides 1 through 4 are presented in Table 

17 and Table 18. 
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Table 17: Building heat loss percent increase for four ground loop clearances on sides 1&2 

Soil Number 

Heat Loss Increase [%] 

Ground Loop Clearance 

10cm 50cm 100cm 200cm 
1 356 233 147 61 

2 24 16 11 5 

3 67 45 29 12 

4 26 17 12 5 

5 38 26 17 8 

Total Average 83 55 35 15 

 

Table 18: Building heat loss percent increase for four ground loop clearances on sides 3&4 

Soil Number 

Heat Loss Increase [%] 

Ground Loop Clearance 

10cm 50cm 100cm 200cm 

1 250 169 109 47 

2 17 12 8 4 

3 48 33 22 10 

4 18 13 9 4 

5 27 19 13 6 

Total Average 59 40 26 12 

 

It can be observed that the soils with a higher thermal conductivity (i.e. soils 

2 and 4) have the lowest percent heat loss increase compared to the soils with 

lower thermal conductivities (i.e. soils 1, 3, and 5). This indicates that 

ground loop clearance is more critical for soils with lower thermal conductivity 

than for soils with higher thermal conductivity. In all soil cases, the percent 

heat loss increase decreases with increasing ground loop clearance. 

The third observation from Figure 11 to Figure 30 is that for all soil 

cases, the summer time building heat flux is nearly identical for all ground 

loop clearances, as well as the no ground loop case. This is most likely due to 

the low ground loop heat fluxes during weeks 20 to 40 having less of an effect 
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on the soil temperature than the outdoor air temperature. As previously noted, 

the low thermal conductivity soils (i.e. soil 1 and 3) produce trend line 

results with larger heat flux gaps between the ground loop clearances. For these 

soil types, the effect of increasing the ground loop clearance from 10cm to 

50cm (40cm increase) on building heat flux is greater than the effect from 

increasing ground loop clearance from 50cm to 100cm (50cm increase). The ground 

loop clearance increase from 50cm to 100cm has a greater effect on building 

heat flux than the ground loop clearance increase from 100cm to 200cm (100cm 

increase). This indicates that initial ground loop clearance increases are the 

most important in terms of heat loss increase reduction. The soil cases with 

higher thermal conductivities (i.e. soil 2, soil 4, and soil 5) show that 

increasing the ground loop clearance from 10cm to 50cm, 50cm to 100cm, and 100cm 

to 200cm all reduce the heat flux by relatively the same amount on a percentage 

reduction basis. 

Figure 32 to Figure 41 represent the heat loss of side 5, which is the 

building’s slab. Soil 1’s heat loss trendlines for the 10cm, 50cm, 100cm, and 

200cm ground loop clearances show more variance from the no ground loop case 

compared to soils 2 to 5, however, the side 5 heat loss is the lowest for soil 

1. Soil 1’s no ground loop trendline is relatively flat throughout the year, 

indicating that the outdoor air temperature has negligible effect on the soil 

temperature under the slab due to the low thermal conductivity of the soil. For 
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soils 2, 4, and 5, the trendlines between the 10cm, 50cm, 100cm, and 200cm 

ground loop clearances and the no ground loop case were relatively similar, 

differing by only 5% to 13%. For soil 3, the difference varied by 12% to 22%. 

The most significant increase in heat loss associated with the ground loop 

occurred for soil 1, with a heat loss increase varying between 68% to 109%. 

Table 19 provides the heat loss percent increase for side 5 of the building. 

Table 19: Building heat loss percent increase for four ground loop clearances on side 5 

Soil Number 

Heat Loss Increase [%] 

Ground Loop Clearance 

10cm 50cm 100cm 200cm 
1 106 109 96 68 

2 8 8 7 5 

3 22 21 17 12 

4 9 8 7 5 

5 13 12 10 7 

Total Average 20 19 16 12 
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Figure 32: Annual heat flux of side 5 – soil 1 (low , low VHC) [common scale] 

 

Figure 33: Annual heat flux of side 5 – soil 1 (low , low VHC) [custom scale] 
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Figure 34: Annual heat flux of side 5 – soil 2 (high , high VHC) [common scale] 

 

Figure 35: Annual heat flux of side 5 – soil 2 (high , high VHC) [custom scale] 
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Figure 36: Annual heat flux of side 5 – soil 3 (low , high VHC) [common scale] 

 

Figure 37: Annual heat flux of side 5 – soil 3 (low , high VHC) [custom scale] 
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Figure 38: Annual heat flux of side 5 – soil 4 (high , low VHC) [common scale] 

 

Figure 39: Annual heat flux of side 5 – soil 4 (high , low VHC) [custom scale] 
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Figure 40: Annual heat flux of side 5 – soil 5 (average , average VHC) [common scale] 

 

Figure 41: Annual heat flux of side 5 – soil 5 (average , average VHC) [custom scale] 
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Table 20 provides the average building heat losses of side 5 for soils 1 to 5. 

For soils 2 to 5, there is minimal variation in heat loss between a 10cm and 

200cm ground loop clearance, with heat losses ranging from 2.8 - 3.1 W/m2 to 

2.6 - 3.0 W/m2. The variation between a 10cm and 200cm ground loop clearance 

for soil 1 is 0.4 W/m2, however, the average heat loss is lower than all other 

soils. 

Table 20: Average building heat loss for four ground loop clearances on side 5 

Thermal 

Conductivity, 

k [W/(m·K)] 

Average Heat Loss [W/m
2
] 

Ground Loop Clearance 

10cm 50cm 100cm 200cm 
0.25 [Soil 1] 1.9 1.9 1.8 1.5 

1.52 [Soil 3] 2.8 2.8 2.7 2.6 

2.73 [Soil 5] 3.0 3.0 3.0 2.9 

4.20 [Soil 4] 3.1 3.1 3.1 3.0 

4.44 [Soil 2] 3.1 3.1 3.1 3.0 

 

Figure 42 and Figure 43 represent the normalized heat loss of sides 1&2 and 

sides 3&4 respectively. The normalized results were produced by subtracting the 

baseline heat loss values of the no ground loop case from the heat loss values 

at ground loop clearances of 10cm, 50cm, 100cm, 200cm. Therefore, the results 

shown are the increase in building heat loss caused by the addition of a ground 

loop at the four clearances. The effect of increasing the ground loop clearance 

for the higher thermal conductivity soils (soils 2, 4, and 5) is minimal. Ground 

loop clearance has a minor impact for soil 3 (low thermal conductivity) and a 

very significant impact for soil 1 (lowest thermal conductivity). 
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Figure 42: Normalized heat loss of sides 1&2 for all soil types 

 

Figure 43: Normalized heat loss of sides 3&4 for all soil types 
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The side 5 trend lines shown in Figure 44 are flatter than those shown for sides 

1&2 and 3&4. This indicates that the distance of the ground loop has a more 

limited effect on the heat loss of side 5 than on any other side. The flatness 

of the trend lines also shows that the ground loop’s influence on the soil 

temperature below side 5 is negligible. 

 

Figure 44: Normalized heat loss of side 5 for all soil types 
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5 Conclusions 

Several conclusions can be drawn from the results presented in Section 4. The 

thermal conductivity of a building’s surrounding soil has a large impact on 

the effect that ground loop clearance has on building heat loss. Soil thermal 

conductivity can range from a low of 0.15 W/m·K to a high of 5.0 W/m·K. For 

a low thermal conductivity soil, the building heat loss percent increase from 

a ground loop at a 10cm clearance versus a ground loop at a 200cm clearance 

decreases from 356% to 61%, which is a difference of 295%. For a medium thermal 

conductivity soil, the heat loss percent increase decreases from 67% to 12%, 

which is a difference of 55%. Lastly, for a high thermal conductivity soil, the 

heat loss percent increase decreases from 26% to 5%, which is a 21% decrease. 

These results show that increasing ground loop clearance is more effective in 

reducing increases in building heat loss for soils with low thermal 

conductivities than for soils with high thermal conductivities. 

For all ranges of soil thermal conductivity, increasing ground loop 

clearance reduced the building percent heat loss increase associated with the 

operation of the ground loop. On average, the percent heat loss increase of the 

building decreased from 59%-83% (10cm clearance) to 40%-55% (50cm clearance) to 

26%-35% (100cm clearance) to 12%-15% (200cm clearance). For ground loop 

clearances of 10cm, 50cm, and 100cm, the average building heat loss was shown 
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to be directly correlated to the thermal conductivity of the surrounding soil. 

A low thermal conductivity soil led to higher observed building heat losses 

caused by the operation of the ground loop. For the case of no ground loop, the 

high thermal conductivity soils led to higher observed building heat losses. At 

a 200cm ground loop clearance, the average building heat loss of sides 1&2 and 

3&4 was essentially the same for all soil types. This indicated that at a ground 

loop clearance of 200cm, the correlation between soil thermal conductivity and 

building heat loss decouples and that soil thermal properties become less 

influential on the building heat losses observed. 

Low thermal conductivity soils were shown to have a greater benefit to 

reducing building heat loss by increasing ground loop clearance than did higher 

thermal conductivity soils. Soils 1 and 3 had average decreases in building 

heat losses from 7.5-10 W/m2 to 3.1-3.5 W/m2 and 4.6-5.2 W/m2 to 3.4-3.5 W/m2 

respectively. Whereas soils 2, 4, and 5 had decreases in average building heat 

losses of 3.9-4.2 W/m2 to 3.5-3.6 W/m2, 3.9-4.3 W/m2 to 3.5-3.6 W/m2, and 4.1-4.6 

W/m2 to 3.4-3.6 W/m2 respectively. Therefore, more emphasis should be placed on 

ensuring higher ground loop clearances for any installation locations with lower 

thermal conductivity soils. 

On average, a ground loop with a 10cm clearance increased the building’s 

heat losses by 83% on sides 1&2, by 59% on sides 3&4, and by 20% on side 5. A 
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ground loop at 50cm clearance led to a building heat loss increase of 55% for 

sides 1&2, 40% for sides 3&4, and 19% on side 5. For a 100cm clearance, the 

average building heat loss increase was 35% for sides 1&2, 26% for sides 3&4, 

and 16% for side 5. Finally, for the 200cm ground loop clearance, the average 

increase in building heat loss for sides 1&2, sides 3&4, and side 5 was 15%, 

12%, and 12% respectively. A building’s overall heat loss increase resulting 

from a 200cm clearance ground loop would be minimal in a big picture scale once 

all other building envelope heat losses are considered. 

Soils with a higher thermal conductivity (i.e. soils 2, 4, and 5) have the 

lowest percent heat loss increase compared to the soils with lower thermal 

conductivities (i.e. soils 1 and 3). In all soil cases, the percent heat loss 

increase decreases with increasing ground loop clearance. For low thermal 

conductivity soils, the effect of increasing the ground loop clearance from 

10cm to 50cm (40cm increase) on building heat loss is greater than the effect 

from increasing ground loop clearance from 50cm to 100cm (50cm increase). The 

ground loop clearance increase from 50cm to 100cm has a greater effect on 

building heat loss than the ground loop clearance increase from 100cm to 200cm 

(100cm increase). This indicates that the initial increase in ground loop 

clearance is the most beneficial in terms of reducing the increase in building 

heat loss caused by the operation of the ground loop. The heat loss reduction 

effect of increasing the ground loop clearance for the high thermal conductivity 
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soils (soils 2, 4, and 5) is minimal. Ground loop clearance has a minor impact 

for soil 3 (low thermal conductivity) and a very significant impact for soil 1 

(lowest thermal conductivity). 

5.1 Future Work 

The overall goal of this research was to obtain preliminary findings to begin 

the process of developing a guideline for prescribing ground loop clearance 

from foundation walls. However, in order to develop a complete and robust 

guideline, additional work to expand on the preliminary findings will be 

necessary.  

The majority of the recommended additional work will be an expansion of 

the current findings. This includes testing additional locations, soil types, 

and ground loop clearances. By testing locations in different climate zones, 

more robust data can be obtained for ground loop clearances since results will 

be obtained from both heating and cooling dominated climates. Although five 

soil types were tested, the variance in soil properties is so great that testing 

more types will help in obtaining stronger data, which can be used for further 

validation and confirmation of the observed trends. It is also recommended that 

further analysis into the effect that a soil’s volumetric heat capacity has on 

building heat loss. This can be done by keeping the thermal conductivity of the 

test soils constant and varying the volumetric heat capacity. Furthermore, 
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testing additional ground loop clearances within the 10cm to 200cm range will 

reduce the amount of interpolation between data points. Again, this will lead 

to a stronger set of data to which conclusions can be drawn. It would also be 

beneficial to determine the ground loop clearance at which no increased building 

heat loss is observed. 

The method used to calculate the weekly ground loop heat fluxes was done 

to obtain reasonable values. However, it would be advantageous if a more precise 

method was developed to determine the expected daily ground loop heat fluxes. 

With the daily values calculated, the simulations can be run on a per day basis 

rather than a weekly basis. This would allow for more accurate results.  

In summary, the intention of all recommended future work is to obtain 

stronger data to which an overall guideline for ground loop to foundation wall 

clearance can be developed. 

5.2 Limitations 

One of the major limitations of this research was the assumption of constant 

thermal conductivity for the test soil throughout the entire period of analysis. 

In reality, the thermal conductivity of the soil could vary quite significantly 

on a daily or weekly basis. The factor having the greatest impact on thermal 

conductivity is the moisture content of the soil. Wetter soils will have a much 

higher thermal conductivity than a drier soil, even if their soil composition 
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is identical. For example, a dry fine sand could have a thermal conductivity of 

1.28 W/(m·k) compared to a wet fine sand, which could have a thermal 

conductivity of 3.28 W/(m·k), an increase of 2.6 times. Soil temperature will 

also affect the thermal conductivity. Soils at temperatures below 0 °C will have 

a higher thermal conductivity than the same soil at temperatures above 0 °C. 

Another limitation was the assumption that the thermal conductivity of the soil 

was the same for the entire test plot. The majority of on-site soils are non-

homogenous, meaning there could be significant variance in its mineral 

composition. The variance in mineral composition would lead to non-uniform 

thermal properties of the soil surrounding the building, which would lead to 

Sides 1 through 5 of the building experiencing non-symmetrical heat loss. Also, 

intermittent environmental conditions such as rain and sunshine will cause the 

moisture content and temperature distribution of the soil to vary in a non-

uniform way, only to be amplified by the heat flux of the ground loop. 

A limitation regarding the ground loop was the assumption that the ground 

loop had the same constant output along the entire loop. In reality, the ground 

loop experiences a transient heat flux based on changing fluid and soil 

temperatures. The charging or de-charging of the loop into the ground would 

result in a variance in soil and fluid temperature along the ground loop, 

resulting in a non-uniform heat flux output along the ground loop. For example, 

the circulated refrigerant would be at its lowest temperature at the outlet of 
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the fluid to air heat exchanger, which is the beginning of the loop. Initially 

the temperature difference between the soil and fluid would be greatest, leading 

to a high rate of heat transfer. However, the soil temperature would eventually 

decrease and approach the temperature of the fluid, leading to reduced rates of 

heat transfer. 

 Additionally, the method for calculating the weekly ground loop heat flux 

as well as using the average weekly ground loop heat flux rather than an hourly 

or daily value led to an inaccuracy in the results. Using a GSHP design software 

could aid in the more accurate calculation of the ground loop heat flux. It is 

the opinion of the author that although the results may have inaccuracies, the 

general trends observed would most likely remain true. On a high level, it can 

be presumed to be true that ground loops will affect soil temperature and 

therefore building heat loss. This highlights the importance of organizations 

such as PHIUS needing to develop a guideline for ground loop to foundation wall 

clearance to ensure the benefits of preheating ventilation air are not 

outweighed by the resulting increase in building heat loss. 
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Appendices 

A1 - Zehnder ComfoFond-L Eco 350 Data Sheets and Brochure 
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A2 - Owens Corning FOAMULAR® 150 XPS Rigid Foam Insulation Data 

Sheet 
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A3 - Simulation Results Data 

Table 21: Side 1&2 heat loss – soil 1 

 No GL 10cm 50cm 100cm 200cm 

 Q Q Q Q Q 

Week [W] [W] [W] [W] [W] 

0 93 488 323 217 127 

1 83 472 318 212 119 

2 80 538 335 220 119 

3 78 445 324 219 121 

4 93 577 361 243 138 

5 100 663 403 266 148 

6 88 594 397 261 140 

7 87 551 389 261 141 

8 76 440 349 243 132 

9 89 491 356 253 146 

10 83 517 355 249 141 

11 74 414 327 234 134 

12 77 402 313 230 136 

13 72 389 298 220 131 

14 64 338 273 204 123 

15 61 301 251 192 118 

16 67 303 245 191 123 

17 61 291 231 180 116 

18 53 250 210 164 106 

19 50 208 189 153 102 

20 54 216 183 150 103 

21 44 156 155 131 92 

22 42 127 136 120 87 

23 40 105 118 109 83 

24 38 63 96 96 78 

25 40 87 92 92 77 

26 33 34 71 77 68 

27 23 -28 38 55 55 

28 29 -22 30 52 58 

29 30 -9 26 48 56 

30 27 5 24 42 51 

31 23 -16 16 34 44 

32 19 -26 8 27 38 

33 26 -31 8 29 43 

34 25 -9 10 27 41 

35 27 33 22 32 41 
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36 27 7 22 32 40 

37 33 45 35 39 45 

38 37 93 54 48 48 

39 35 96 62 51 47 

40 31 97 65 51 43 

41 40 128 83 64 52 

42 38 152 93 68 51 

43 44 168 109 79 58 

44 46 185 120 86 60 

45 54 200 136 98 70 

46 56 262 157 109 73 

47 73 362 206 140 92 

48 60 348 212 137 81 

49 69 384 238 156 93 

50 78 467 276 179 105 

51 75 479 294 189 105 

52 89 483 318 211 122 

53 93 488 324 217 127 

  Q Q Q Q Q 

  [W] [W] [W] [W] [W] 

Average Loss 56 256 187 139 91 

 

Table 22: Side 3&4 heat loss – soil 1 

 No GL 10cm 50cm 100cm 200cm 

 Q Q Q Q Q 

Week [W] [W] [W] [W] [W] 

0 140 553 388 276 179 

1 125 531 377 267 167 

2 120 598 395 274 165 

3 118 501 382 272 166 

4 140 646 428 305 191 

5 151 738 476 333 205 

6 133 661 465 323 191 

7 131 616 455 322 193 

8 114 496 409 298 178 

9 133 555 421 314 199 

10 124 580 418 307 191 

11 112 469 384 288 180 

12 115 457 371 284 184 

13 108 442 352 271 176 

14 96 384 322 251 163 

15 91 345 297 236 157 

16 101 350 295 238 165 
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17 92 335 277 224 155 

18 79 287 250 203 140 

19 75 243 227 189 134 

20 81 252 222 188 138 

21 66 186 188 163 121 

22 62 155 166 150 115 

23 60 131 147 137 110 

24 56 86 122 122 103 

25 59 111 119 118 103 

26 49 53 92 99 90 

27 34 -16 53 72 72 

28 43 -7 47 71 77 

29 44 6 43 66 75 

30 40 19 40 58 68 

31 34 -4 29 48 59 

32 28 -16 18 38 51 

33 38 -19 22 44 59 

34 37 3 23 41 56 

35 40 48 37 47 57 

36 41 21 37 47 56 

37 50 63 53 58 64 

38 55 115 75 69 69 

39 52 117 83 71 66 

40 46 116 84 69 61 

41 60 152 107 87 74 

42 57 177 117 90 72 

43 66 196 137 105 82 

44 68 214 149 113 86 

45 81 234 169 131 100 

46 84 299 193 143 104 

47 110 412 253 184 132 

48 90 391 253 175 114 

49 103 432 285 200 131 

50 117 523 329 229 147 

51 112 534 348 238 146 

52 133 546 380 268 171 

53 140 553 388 276 179 

  Q Q Q Q Q 

  [W] [W] [W] [W] [W] 

Average Loss 84 294 226 176 124 
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Table 23: Side 5 heat loss – soil 1 

 No GL 10cm 50cm 100cm 200cm 

 Q Q Q Q Q 

Week [W] [W] [W] [W] [W] 

0 119 270 254 226 188 

1 120 273 260 230 190 

2 120 286 267 235 191 

3 120 279 271 239 193 

4 121 297 277 243 195 

5 121 316 289 250 198 

6 122 316 297 256 200 

7 122 313 301 260 203 

8 123 301 301 263 206 

9 123 306 302 266 208 

10 123 315 306 269 210 

11 124 305 307 271 212 

12 124 302 305 272 214 

13 124 301 305 273 216 

14 125 296 303 274 218 

15 125 290 300 274 219 

16 125 288 298 273 220 

17 125 287 296 272 221 

18 125 282 293 272 221 

19 125 274 289 270 222 

20 125 272 285 268 222 

21 125 263 281 266 222 

22 125 256 275 263 222 

23 125 249 270 260 221 

24 125 240 263 256 220 

25 124 239 258 253 219 

26 124 230 252 249 218 

27 124 218 245 244 217 

28 123 212 237 239 215 

29 123 210 232 235 213 

30 123 209 227 231 211 

31 122 203 223 227 209 

32 122 199 218 224 207 

33 121 193 214 220 205 

34 121 193 210 216 203 

35 121 196 208 213 201 

36 120 191 206 211 199 

37 120 192 204 208 197 

38 119 198 204 207 196 
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39 119 198 204 206 194 

40 119 198 204 205 193 

41 119 200 205 204 191 

42 118 204 206 204 190 

43 118 206 208 204 189 

44 118 209 210 204 189 

45 118 211 211 205 188 

46 118 220 215 206 188 

47 118 235 222 209 188 

48 118 240 228 212 188 

49 118 246 234 216 194 

50 118 261 242 220 193 

51 119 269 251 225 194 

52 119 272 257 229 195 

53 119 273 258 230 195 

  Q Q Q Q Q 

  [W] [W] [W] [W] [W] 

Average Loss 122 250 254 238 204 

 

Table 24: Side 1&2 heat loss – soil 2 

 No GL 10cm 50cm 100cm 200cm 

 Q Q Q Q Q 

Week [W] [W] [W] [W] [W] 

0 146 191 176 165 154 

1 135 179 164 154 143 

2 136 189 170 158 145 

3 128 167 156 147 136 

4 149 204 184 171 158 

5 164 228 204 189 173 

6 149 205 187 174 160 

7 143 194 178 167 154 

8 123 160 150 142 132 

9 136 178 164 155 145 

10 134 180 164 154 143 

11 118 152 142 135 126 

12 117 149 139 133 125 

13 111 142 132 126 118 

14 100 126 118 113 106 

15 93 115 109 104 99 

16 97 119 113 108 103 

17 91 113 106 102 97 

18 81 99 94 90 86 

19 75 88 85 83 79 
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20 78 92 88 85 82 

21 65 73 72 71 69 

22 60 65 65 64 63 

23 56 59 59 59 58 

24 49 48 50 51 51 

25 53 55 55 55 55 

26 43 40 42 44 45 

27 29 19 24 27 29 

28 33 24 28 31 33 

29 37 29 32 34 36 

30 37 32 34 35 36 

31 32 26 29 30 32 

32 28 21 24 25 27 

33 33 24 28 30 32 

34 35 30 31 32 34 

35 41 41 40 40 40 

36 39 36 38 38 39 

37 48 49 48 48 48 

38 56 63 60 58 56 

39 56 63 61 59 57 

40 53 61 59 56 54 

41 63 73 69 67 64 

42 64 78 73 69 66 

43 71 85 80 77 73 

44 74 90 84 80 76 

45 82 99 93 89 85 

46 89 114 104 98 92 

47 115 150 136 127 119 

48 104 138 126 118 109 

49 114 151 137 129 119 

50 128 174 157 146 135 

51 129 176 159 148 136 

52 139 184 169 158 147 

53 146 191 176 165 154 

  Q Q Q Q Q 

  [W] [W] [W] [W] [W] 

Average Loss 87 108 101 97 91 
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Table 25: Side 3&4 heat loss – soil 2 

 No GL 10cm 50cm 100cm 200cm 

 Q Q Q Q Q 

Week [W] [W] [W] [W] [W] 

0 221 269 253 243 230 

1 204 251 236 226 214 

2 206 262 243 230 216 

3 193 236 224 215 203 

4 226 284 263 250 236 

5 247 316 292 276 259 

6 225 285 267 254 238 

7 217 271 255 243 229 

8 185 225 215 207 197 

9 206 251 237 227 216 

10 202 251 236 225 212 

11 178 215 205 198 188 

12 176 211 202 194 186 

13 167 201 191 184 176 

14 150 179 171 166 158 

15 140 164 158 153 147 

16 147 171 164 159 154 

17 138 161 155 150 144 

18 122 141 137 133 128 

19 113 127 124 122 118 

20 117 133 129 125 122 

21 98 108 106 105 102 

22 90 97 96 95 94 

23 84 88 89 88 87 

24 74 73 75 76 76 

25 80 83 82 82 82 

26 65 62 65 66 67 

27 43 34 39 42 44 

28 50 41 45 48 50 

29 55 48 51 53 55 

30 55 51 53 54 55 

31 49 42 45 47 49 

32 42 35 38 39 41 

33 49 41 45 46 49 

34 52 48 49 50 52 

35 61 62 62 61 61 

36 59 57 58 59 59 

37 72 74 73 73 72 

38 85 93 89 87 85 
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39 85 93 90 88 86 

40 81 89 87 84 82 

41 95 106 102 100 97 

42 97 112 107 103 99 

43 107 123 118 114 110 

44 112 130 124 119 115 

45 125 143 137 133 128 

46 135 161 151 145 139 

47 174 211 197 188 179 

48 158 194 182 173 164 

49 172 212 198 189 179 

50 194 243 226 214 202 

51 195 245 228 217 204 

52 210 258 243 232 219 

53 221 269 253 243 230 

  Q Q Q Q Q 

  [W] [W] [W] [W] [W] 

Average Loss 132 154 147 142 137 

 

Table 26: Side 5 heat loss – soil 2 

 No GL 10cm 50cm 100cm 200cm 

 Q Q Q Q Q 

Week [W] [W] [W] [W] [W] 

0 377 415 412 404 394 

1 383 422 419 412 401 

2 389 432 428 420 408 

3 394 437 434 426 414 

4 399 445 441 432 420 

5 406 456 451 441 427 

6 413 464 460 450 436 

7 419 471 468 458 443 

8 423 474 472 462 448 

9 426 478 474 465 452 

10 429 482 479 469 456 

11 432 483 481 472 459 

12 434 484 482 473 461 

13 435 485 482 474 462 

14 435 483 481 474 462 

15 435 481 479 473 461 

16 434 479 477 471 460 

17 432 477 475 469 458 

18 431 474 472 466 456 

19 429 469 468 463 454 
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20 426 465 464 459 451 

21 423 460 459 455 447 

22 420 454 454 450 443 

23 416 448 448 444 438 

24 411 441 441 438 433 

25 407 435 434 432 427 

26 402 427 427 426 421 

27 397 419 419 419 415 

28 391 411 411 411 408 

29 385 402 403 403 401 

30 380 396 397 397 395 

31 375 391 391 391 389 

32 371 385 385 385 384 

33 366 379 379 379 378 

34 361 374 374 374 373 

35 358 370 370 370 369 

36 355 366 366 366 365 

37 352 363 363 363 362 

38 350 362 362 361 359 

39 348 362 361 360 358 

40 348 361 361 360 357 

41 347 361 360 359 357 

42 347 362 361 360 357 

43 347 364 363 361 357 

44 348 366 364 362 358 

45 349 367 366 363 359 

46 350 371 369 366 361 

47 352 377 374 370 364 

48 357 383 381 376 369 

49 361 390 387 382 374 

50 366 398 395 389 380 

51 371 407 404 397 387 

52 377 414 411 404 394 

53 377 415 412 405 394 

  Q Q Q Q Q 

  [W] [W] [W] [W] [W] 

Average Loss 390 421 419 415 408 
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Table 27: Side 1&2 heat loss – soil 3 

 No GL 10cm 50cm 100cm 200cm 

 Q Q Q Q Q 

Week [W] [W] [W] [W] [W] 

0 128 237 196 169 141 

1 118 226 187 160 132 

2 118 244 193 163 133 

3 114 215 184 158 130 

4 131 264 209 178 148 

5 141 294 231 194 159 

6 130 268 219 184 149 

7 127 255 213 181 147 

8 113 214 188 163 133 

9 125 236 198 173 145 

10 120 238 196 169 140 

11 109 202 177 155 129 

12 110 199 173 153 129 

13 104 190 164 145 123 

14 95 168 149 132 112 

15 89 154 138 124 106 

16 94 157 140 127 110 

17 88 149 131 118 103 

18 79 131 118 107 93 

19 74 116 108 99 88 

20 77 119 108 100 89 

21 66 95 91 86 78 

22 62 84 83 79 72 

23 59 75 75 73 69 

24 54 59 65 65 62 

25 55 67 66 65 63 

26 47 46 53 54 54 

27 35 20 34 38 41 

28 40 24 35 40 44 

29 41 28 36 40 44 

30 38 31 35 38 42 

31 34 22 30 33 37 

32 30 17 24 28 32 

33 36 19 28 33 37 

34 36 26 30 33 37 

35 39 40 37 38 40 

36 39 33 37 38 40 

37 46 49 46 46 47 

38 51 66 57 54 53 
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39 51 67 60 55 53 

40 48 66 59 54 50 

41 57 81 71 64 60 

42 57 88 74 66 60 

43 63 98 84 75 67 

44 66 104 89 79 70 

45 74 115 99 89 79 

46 79 135 110 96 84 

47 99 178 141 122 106 

48 88 167 135 115 96 

49 98 185 150 128 107 

50 110 217 171 144 120 

51 109 220 176 148 121 

52 122 232 191 163 136 

53 128 237 196 169 141 

  Q Q Q Q Q 

  [W] [W] [W] [W] [W] 

Average Loss 80 135 116 104 90 

 

Table 28: Side 3&4 heat loss – soil 3 

 No GL 10cm 50cm 100cm 200cm 

 Q Q Q Q Q 

Week [W] [W] [W] [W] [W] 

0 194 309 268 239 209 

1 179 292 254 225 195 

2 178 311 260 228 195 

3 173 280 249 221 191 

4 198 338 283 250 217 

5 213 375 311 272 234 

6 196 342 293 257 218 

7 192 328 285 252 215 

8 171 278 252 226 194 

9 189 306 269 243 212 

10 181 306 264 236 204 

11 165 264 239 216 188 

12 166 261 235 214 188 

13 157 249 223 203 179 

14 143 222 202 185 163 

15 135 204 188 174 155 

16 142 210 193 179 161 

17 132 198 181 167 150 

18 118 175 162 150 135 

19 112 157 149 140 127 
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20 115 162 151 142 130 

21 99 131 128 122 113 

22 93 117 117 112 105 

23 88 107 107 105 100 

24 80 88 94 94 91 

25 83 96 96 95 92 

26 71 71 78 80 79 

27 52 38 52 57 59 

28 59 45 56 61 65 

29 61 49 57 62 66 

30 58 51 55 58 62 

31 51 40 47 51 55 

32 45 32 40 43 47 

33 53 37 47 51 56 

34 54 44 48 52 56 

35 59 60 58 58 60 

36 58 53 57 58 60 

37 69 73 70 70 70 

38 77 93 85 81 79 

39 76 94 87 82 79 

40 72 92 84 79 75 

41 86 112 101 94 89 

42 85 119 105 96 89 

43 95 132 118 108 100 

44 99 140 125 114 105 

45 112 156 140 129 118 

46 119 178 153 138 125 

47 150 233 196 176 158 

48 133 217 184 163 143 

49 148 240 205 181 159 

50 166 279 232 204 178 

51 165 282 237 208 179 

52 185 300 260 230 200 

53 193 309 268 239 209 

  Q Q Q Q Q 

  [W] [W] [W] [W] [W] 

Average Loss 121 179 161 148 133 
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Table 29: Side 5 heat loss – soil 3 

 No GL 10cm 50cm 100cm 200cm 

 Q Q Q Q Q 

Week [W] [W] [W] [W] [W] 

0 302 374 366 350 332 

1 303 378 370 354 335 

2 305 385 375 358 338 

3 306 385 379 361 341 

4 308 393 383 365 343 

5 310 402 390 370 346 

6 312 405 396 375 350 

7 314 408 400 379 353 

8 316 407 402 382 357 

9 318 411 404 384 359 

10 319 416 407 387 362 

11 321 414 409 390 364 

12 322 415 410 391 366 

13 323 416 411 393 368 

14 324 415 411 393 369 

15 325 414 410 394 370 

16 325 413 410 394 371 

17 325 413 409 394 371 

18 325 411 408 393 371 

19 325 408 406 392 371 

20 325 407 404 391 371 

21 325 403 402 389 370 

22 324 399 399 387 369 

23 323 396 395 385 368 

24 322 391 392 382 366 

25 321 389 388 379 364 

26 320 384 384 376 362 

27 318 378 379 373 360 

28 317 373 375 369 357 

29 315 369 370 365 354 

30 313 366 367 362 352 

31 311 362 363 358 349 

32 310 358 359 355 346 

33 308 354 355 351 344 

34 306 351 352 348 341 

35 305 350 349 346 339 

36 303 346 347 343 336 

37 302 345 344 341 334 

38 301 345 343 339 332 
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39 300 344 342 338 331 

40 299 343 341 336 329 

41 298 343 341 335 328 

42 297 343 341 335 327 

43 297 344 341 335 326 

44 296 344 341 335 326 

45 296 345 342 335 326 

46 296 348 343 336 326 

47 296 353 346 337 326 

48 297 356 350 339 327 

49 298 359 353 342 328 

50 299 366 357 345 330 

51 300 370 362 348 332 

52 301 374 367 352 334 

53 302 375 367 352 335 

  Q Q Q Q Q 

  [W] [W] [W] [W] [W] 

Average Loss 311 379 375 364 348 

 

Table 30: Side 1&2 heat loss – soil 4 

 No GL 10cm 50cm 100cm 200cm 

 Q Q Q Q Q 

Week [W/m2] [W/m2] [W/m2] [W/m2] [W/m2] 

0 155 205 188 177 165 

1 140 187 171 161 149 

2 143 202 181 168 154 

3 129 170 157 149 139 

4 160 222 200 186 171 

5 178 251 225 209 190 

6 154 215 195 182 167 

7 146 198 182 170 157 

8 118 153 143 136 127 

9 140 184 169 160 149 

10 139 189 172 161 148 

11 115 148 138 131 123 

12 114 147 137 130 122 

13 108 140 130 123 115 

14 96 122 114 109 102 

15 88 109 103 98 93 

16 94 116 109 105 99 

17 88 110 103 98 93 

18 76 93 88 85 80 

19 69 81 78 75 72 
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20 74 88 83 80 77 

21 59 65 64 63 61 

22 53 56 56 55 55 

23 49 50 51 50 50 

24 40 36 38 39 41 

25 49 50 50 50 49 

26 36 30 32 34 36 

27 18 4 9 13 16 

28 25 13 18 20 23 

29 32 23 26 28 30 

30 33 28 30 31 32 

31 27 20 23 24 26 

32 21 13 16 18 20 

33 27 17 21 23 25 

34 31 26 28 29 30 

35 39 41 40 40 39 

36 35 31 33 33 34 

37 47 49 48 47 46 

38 57 67 63 61 58 

39 56 64 61 59 57 

40 53 62 59 57 54 

41 63 75 71 68 65 

42 65 81 76 72 68 

43 71 88 82 78 74 

44 75 93 87 83 78 

45 84 102 96 92 87 

46 94 122 112 105 98 

47 126 167 153 143 132 

48 110 148 135 126 116 

49 120 161 147 138 127 

50 138 191 172 160 147 

51 138 191 173 161 148 

52 145 194 178 167 154 

53 155 205 188 177 165 

  Q Q Q Q Q 

  [W/m2] [W/m2] [W/m2] [W/m2] [W/m2] 

Average Loss 87 109 102 97 91 
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Table 31: Side 3&4 heat loss – soil 4 

 No GL 10cm 50cm 100cm 200cm 

 Q Q Q Q Q 

Week [W/m2] [W/m2] [W/m2] [W/m2] [W/m2] 

0 235 288 271 260 246 

1 212 262 246 235 222 

2 216 278 258 244 228 

3 195 239 226 217 206 

4 242 308 286 271 254 

5 268 346 321 303 283 

6 233 297 278 264 248 

7 220 276 260 248 233 

8 178 216 206 198 189 

9 211 259 244 233 221 

10 209 263 246 234 221 

11 173 209 199 192 183 

12 172 208 197 190 181 

13 162 197 187 180 171 

14 145 173 165 159 152 

15 132 156 149 145 139 

16 142 166 159 154 148 

17 133 157 150 145 139 

18 115 133 128 125 120 

19 104 117 114 111 108 

20 111 127 123 119 115 

21 89 96 95 93 92 

22 80 84 84 83 82 

23 74 76 76 76 76 

24 61 57 59 60 61 

25 74 76 76 75 75 

26 54 48 51 53 54 

27 27 13 18 22 25 

28 38 26 30 33 36 

29 48 40 43 44 47 

30 51 46 47 48 49 

31 42 34 37 38 40 

32 32 24 27 29 31 

33 41 31 35 37 40 

34 47 42 44 45 46 

35 60 62 61 60 60 

36 53 49 51 52 53 

37 71 73 72 71 71 

38 87 97 94 91 88 
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39 84 94 91 88 86 

40 80 90 87 84 82 

41 96 109 105 101 98 

42 99 116 110 106 102 

43 108 125 120 116 111 

44 113 133 126 122 117 

45 127 147 140 136 131 

46 142 172 162 155 147 

47 191 235 220 210 198 

48 166 206 193 184 174 

49 182 226 211 202 190 

50 209 265 246 234 219 

51 209 265 247 234 220 

52 219 272 255 244 230 

53 235 288 271 260 246 

  Q Q Q Q Q 

  [W/m2] [W/m2] [W/m2] [W/m2] [W/m2] 

Average Loss 131 155 148 143 137 

 

Table 32: Side 5 heat loss – soil 4 

 No GL 10cm 50cm 100cm 200cm 

 Q Q Q Q Q 

Week [W/m2] [W/m2] [W/m2] [W/m2] [W/m2] 

0 397 450 447 437 423 

1 410 465 462 452 437 

2 424 484 480 468 453 

3 432 490 487 477 462 

4 440 505 500 488 472 

5 456 528 522 509 490 

6 471 545 541 527 508 

7 480 553 549 537 518 

8 483 551 548 538 521 

9 482 549 546 535 519 

10 487 556 552 542 525 

11 489 554 551 542 527 

12 486 548 545 537 523 

13 484 544 541 533 520 

14 480 537 534 527 515 

15 475 527 525 519 508 

16 468 517 515 510 499 

17 463 511 509 503 493 

18 457 502 500 495 486 

19 449 489 488 484 476 
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20 440 478 477 473 466 

21 432 466 465 462 456 

22 422 452 451 449 444 

23 411 437 436 435 431 

24 399 420 420 420 417 

25 388 407 406 406 403 

26 377 393 393 393 391 

27 366 376 376 378 377 

28 351 358 358 360 360 

29 340 344 345 346 347 

30 332 336 336 338 338 

31 325 327 327 329 330 

32 317 318 319 320 321 

33 308 307 308 310 311 

34 302 301 301 303 304 

35 298 299 299 300 301 

36 295 296 296 297 297 

37 292 293 293 294 294 

38 292 297 296 296 295 

39 295 301 301 300 298 

40 297 305 304 303 301 

41 298 308 307 305 303 

42 302 315 314 311 308 

43 306 321 320 317 313 

44 311 328 326 323 319 

45 314 333 331 328 323 

46 321 344 341 337 331 

47 330 360 357 351 342 

48 346 380 377 370 360 

49 356 394 391 384 373 

50 370 415 411 402 389 

51 385 435 431 421 407 

52 396 449 445 435 421 

53 397 450 447 437 423 

  Q Q Q Q Q 

  [W/m2] [W/m2] [W/m2] [W/m2] [W/m2] 

Average Loss 388 421 419 415 407 

 

  



101 

 

Table 33: Side 1&2 heat loss – soil 5 

 No GL 10cm 50cm 100cm 200cm 

 Q Q Q Q Q 

Week [W/m2] [W/m2] [W/m2] [W/m2] [W/m2] 

0 142 212 188 172 154 

1 132 199 176 161 143 

2 133 214 184 165 145 

3 125 186 168 154 137 

4 146 231 198 178 158 

5 160 259 221 198 174 

6 145 232 203 183 161 

7 140 218 193 175 155 

8 120 178 162 150 134 

9 133 198 176 162 146 

10 130 202 177 161 143 

11 115 168 153 142 128 

12 114 164 149 138 126 

13 108 157 141 131 119 

14 97 138 126 118 107 

15 90 125 116 108 100 

16 95 129 119 112 104 

17 89 123 113 105 97 

18 79 107 99 93 86 

19 73 93 89 85 80 

20 75 98 91 87 82 

21 63 76 75 72 69 

22 58 67 66 65 63 

23 55 59 60 59 58 

24 48 46 49 50 51 

25 52 55 54 54 54 

26 42 37 41 43 44 

27 28 13 21 25 29 

28 32 18 25 28 32 

29 35 24 29 32 35 

30 35 28 31 33 35 

31 31 21 26 28 31 

32 26 16 21 23 26 

33 32 19 25 27 31 

34 33 26 29 30 33 

35 39 40 39 38 38 

36 38 33 36 37 37 

37 46 48 47 46 46 

38 54 65 60 57 55 



102 

 

39 54 66 61 58 55 

40 52 64 59 56 53 

41 61 77 71 67 63 

42 62 83 75 70 65 

43 69 91 83 77 72 

44 72 97 88 82 76 

45 80 106 97 91 84 

46 87 125 110 100 91 

47 112 165 144 131 118 

48 101 154 135 122 109 

49 111 168 147 133 119 

50 125 196 169 152 134 

51 125 198 172 154 136 

52 136 206 181 165 147 

53 142 212 188 172 154 

  Q Q Q Q Q 

  [W/m2] [W/m2] [W/m2] [W/m2] [W/m2] 

Average Loss 85 117 107 99 91 

 

Table 34: Side 3&4 heat loss – soil 5 

 No GL 10cm 50cm 100cm 200cm 

 Q Q Q Q Q 

Week [W/m2] [W/m2] [W/m2] [W/m2] [W/m2] 

0 216 290 266 248 229 

1 199 271 248 232 213 

2 201 286 256 236 215 

3 189 254 236 221 203 

4 220 310 278 257 235 

5 241 346 309 284 258 

6 220 312 283 262 237 

7 211 295 270 251 229 

8 181 243 228 214 198 

9 201 271 249 233 216 

10 197 273 248 231 212 

11 174 230 216 204 189 

12 172 226 211 200 186 

13 163 215 200 189 176 

14 146 190 179 170 159 

15 136 174 164 157 147 

16 143 181 170 163 153 

17 134 171 160 153 144 

18 118 149 141 135 128 

19 109 132 128 123 118 
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20 114 138 132 127 121 

21 95 110 108 106 102 

22 88 97 97 95 93 

23 82 88 89 88 87 

24 72 71 74 75 76 

25 78 82 81 81 81 

26 63 58 63 64 66 

27 42 27 35 39 43 

28 49 35 41 45 49 

29 53 42 47 50 53 

30 53 46 49 50 53 

31 47 37 42 44 47 

32 40 30 34 36 39 

33 48 35 41 43 47 

34 50 43 46 47 50 

35 59 60 59 58 58 

36 57 53 56 56 57 

37 70 72 71 70 70 

38 82 94 89 85 83 

39 82 94 90 86 83 

40 78 91 87 83 80 

41 92 110 103 99 95 

42 94 117 108 103 97 

43 104 128 120 114 108 

44 109 136 127 120 113 

45 121 149 140 133 126 

46 131 171 156 147 137 

47 169 226 204 190 176 

48 153 209 190 176 162 

49 168 228 207 193 177 

50 189 264 237 219 200 

51 190 267 240 222 202 

52 205 280 255 238 219 

53 216 290 266 248 229 

  Q Q Q Q Q 

  [W/m2] [W/m2] [W/m2] [W/m2] [W/m2] 

Average Loss 128 163 152 144 136 
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Table 35: Side 5 heat loss – soil 5 

 No GL 10cm 50cm 100cm 200cm 

 Q Q Q Q Q 

Week [W/m2] [W/m2] [W/m2] [W/m2] [W/m2] 

0 348 402 398 387 372 

1 353 410 405 394 378 

2 358 420 414 402 385 

3 363 424 420 408 391 

4 367 433 427 415 397 

5 373 445 438 424 404 

6 379 453 447 433 412 

7 384 459 454 440 419 

8 388 461 458 444 424 

9 390 465 460 447 427 

10 393 469 464 451 431 

11 396 469 466 454 434 

12 397 470 467 455 436 

13 398 470 467 455 437 

14 399 468 465 455 437 

15 399 465 463 453 437 

16 398 463 461 451 435 

17 397 461 458 449 434 

18 396 457 455 447 432 

19 394 452 451 443 430 

20 392 448 447 440 427 

21 389 442 442 435 424 

22 386 436 436 430 420 

23 383 430 429 425 415 

24 379 422 422 418 410 

25 375 416 416 412 404 

26 371 408 409 406 399 

27 367 399 400 399 393 

28 361 391 392 391 387 

29 356 384 384 384 380 

30 352 378 378 377 374 

31 348 372 372 372 369 

32 344 366 366 366 364 

33 340 359 360 360 358 

34 336 355 355 355 354 

35 333 352 351 351 342 

36 330 348 348 348 345 

37 327 345 345 344 343 

38 325 345 344 343 340 
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39 324 344 343 342 339 

40 324 344 343 341 338 

41 323 345 343 341 337 

42 323 346 345 342 338 

43 323 348 346 343 338 

44 323 350 348 344 339 

45 324 351 350 346 340 

46 325 356 353 348 341 

47 327 363 359 352 344 

48 331 369 366 359 349 

49 334 376 372 364 354 

50 338 386 381 371 359 

51 343 395 390 379 366 

52 348 402 398 387 372 

53 348 403 399 388 373 

  Q Q Q Q Q 

  [W/m2] [W/m2] [W/m2] [W/m2] [W/m2] 

Average Loss 360 405 403 396 386 
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