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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.
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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
2



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.



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.



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?



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



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
7



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 Om 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



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:

e Ground loop operation causes the soil temperature to deviate from expected
seasonal soil temperature distributions (Gonzalez et al, 2012).

e 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.



e 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).

e 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

10



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/m’ 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.

11



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

12



enclosure. The system 1is 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

13



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/me+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

14



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
Details to consider are the

the ground loop’ s impact on building heat loss.

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

e Type and density
of vegetative
cover

e Rainfall

e Windspeed

e Relative humidity

e Radiation exchange
between the
surface and sky

Heat capacity
Thermal conductivity
Heat diffusivity
Thermal resistance
Moisture content
Density

Porosity

Saturated hydraulic
conductivity

Fluid flow rate
Fluid specific heat
capacity

Fluid thermal
conductivity

Fluid density

Pipe diameter

Pipe thermal
conductivity

Length of pipe
Burial depth of pipe

Environmental . . . 1 g .
. Soil Variables Ground Loop Variables Building Variables
Variables
e Solar radiation e Soil textural e Slinky or straight e Assembly details
e Air temperature composition configuration . Indoor conditions

Insulation type
Material
thicknesses
Material specific
heat capacity
Material vapor
permeability

15




As previously stated, the primary variable affecting heat transfer in the soil
is the soil’ s thermal conductivity. The proposed research 1is 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.

Side 1 & 2

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
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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 (150m”), equivalent to 134m” 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 bm 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).

[l Concrete

B soil
EPS

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

B Soil
EPS

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).

. Concrete

B Soil
EPS

70

40

30

0
L;X o 30 30.33 14.67 45 15
14.87

30.13

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

B Concrete

B soil
EPS

T——» 0
X o0 30. 13 1487 8

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
measured from edge of pipe to exterior insulation, were

loop clearances,

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

Thermal Density, o Specific Heat Volumetric Heat
Material Name Conductivity, k [k /m,3] Capacity, c Capacity, VHC
[W/ @+ K)] g [J/kg * K] [MJ/u’ « 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/m’), 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/m’ « K).

Table 3: Soil properties

Bulk Thermal Specific Heat Volumetric Heat
Soil Type Density, o Conductivity, k Capacity, c Capacity, VHC
[kg/m’] [W/ (me*K)] [J/ (kg * K) ] MJ/ (n’ » 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 1741 3. 03 2200 3.83
Clay
Stiff Grey Brown Sandy 9352 3.9 1104 2.6
Gravelly Clay
SUTT Dark Grey Sandy 2369 3. 98 1125 2. 67
Gravelly Clay
Medium Sand (Sat.) 2080 3. 34 1483 3.08
Very Soft Grey Fine 1711 3.51 2362 4.04
Sandy Clay
Soft Dark Grey Sandy 1912 3.57 1764 3.37
Gravelly Clay
SULT Dark Grey Sandy 2299 3. 69 1141 2. 62
Gravelly Clay
Course Sand (Sat.) 2080 3. 72 1483 3. 08
Soft Grey Fine Sandy 1650 49 2646 437
Clay
Dark Grey Clayey Fine 1848 4.6 1747 3. 23
Sand Silt
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Bulk Thermal Specific Heat Volumetric Heat
Soil Type Density, B Conductivity, k Capacity, ¢ Capacity, VHC
[kg/m’] W/ (m-X)] [J/kg * K] [MJ/m’ - K]
Grey Slightly Silty 1983 4. 44 1175 2.33
Sandy Gravel
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
soil

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

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
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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 Thermal Volumetric Heat
Number Conductivity, k Capacity, VHC
W/ (m*K)] MJ/m’ » 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’/hr 250 m’/hr
Specific Heat Capacity 0.718 kJ/ (kg * K) 0.718 kJ/ (kg * K)
Density 1.15 kg/m* @ 35 ° C | 1.34 kg/m’ @ -10 ° C
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The heat transfer rate was calculated using the following equation:

Q =mcAT [1]

Where, Q = heat transfer rate [W]
m = mass flow rate of air [kg/s]
¢ = specific heat capacity of air [J/ (kg *K)]

AT = 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 0) D E F G H
Heat Flux [W] 1961 1495 1028 787 546 305 64 -177
Supply Air

Temperature 19.9 21.0 17 20. 3 18.4 16.4 14.2 12.0
[° C]

Outside Air

Temperature 45 40 35 30 25 20 15 10
[° C]

AT[® C] 25. 1 19.0 18 9.7 6.6 3.6 0.8 -2.0
Air - Denmsity | g 1.127 1.1455 | 1.1644 | 1.1839 | 1.2041 1.225 1. 2466
[kg/m’]

Parameter I J K L M N 0 P
Heat Flux [W] -418 ~659 -900 -1141 -1237 ~1425 -1739 -1864
Supply Air

Temperature 9.7 7.3 4.8 2.2 6.5 0.0 -2.1 -3.2
[° C]

Outside Air

Temperature 5 0 -5 -10 -12 -15 -20 -22
[° C]

AT[® C] 4.7 -7.3 -9.8 -12.2 -18.5 -15.0 -17.9 -18.8
Afr - Density | o 1.2922 | 1.3163 | 1.3413 | 1.3413 | 1.3673 | 1.3943 | 1.4224
[kg/m’]
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,

D to L,

calculate the ground loop heat flux,

columns C and M were used to interpolate columns
and columns M and P were used to interpolate columns N and 0. To

Equation 1 was used along with the

interpolated supply air temperature and assumed air flow rate of 250 m’/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)

2)

3)

4)

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.

The interior walls and floor of the building had a constant temperature
boundary condition of 21° C applied.

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).

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.

[ Imposed Temperature (TMY2)
[ Constant Temperature (21°C)
[ ] Adiabatic

N

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

[ Imposed Temperature (TMY2)
[ Constant Temperature (21°C)
[ ] Adiabatic

Figure 7: HEAT 3 boundary conditions [2 of 3]
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[ Constant Temperature (3.9°C)
[ ] Adiabatic

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
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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 b heat loss without the effect of a ground loop
Side 1 Change Side 2 Change Side 3 Change Side 4 Change Side 5 Change
Year Heat from Heat from Heat from Heat from Heat from
Loss Previous Loss Previous Loss Previous Loss Previous Loss Previous
W] Year [%] W] Year [%] [w] Year [%] [w] Year [%] [w] 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 b 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
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Table 9: Side 1 to 5 heat loss with the effect of a

ground loop

Side 1 Change Side 2 Change Side 3 Change Side 4 Change Side 5 Change
Year Heat from Heat from Heat from Heat from Heat from
Loss Previous Loss Previous Loss Previous Loss Previous Loss Previous
Wl Year [%] [w] Year [%] [wl Year [%] [wl Year [%] [w] 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, N;. The computational cell count can

vary from a minimum of N; 20 to a maximum of N; = 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

N, = 80 to N, 100 is less than 1%, which indicated that a cell count larger
than N; = 100 was not necessary.
Table 10: Mesh size optimization results
Cell Count
20 10 60 80 100

[N:]

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 - - - 153 | 1.24 | 545 | 0.44 | 0.95 | 3.04 | 0.35 | 0.14 | 2,06 | 0.21 | 0.08 | 0.93
Previous [%]

Computation . . . . .

. Imin 5s 3min 6min 36s 14min 30min

Time
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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 Thermal Volumetric Heat
Number Conductivity, k Capacity, VHC
[W/(m *K)] (MJ/m’ « 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 lb—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 Test Soil Test Soil Test Soil Test Soil Test Soil Test Soil Test Soil
1 2 3 4 5 6 7 8
Minimum
Heat Loss 33.6 34.1 33.7 32.8 23.8 30.4 33.8 36.5
[w]
Maximum
Heat Loss 153.5 203.9 229.7 242.2 246. 5 232.8 224.8 219.2
[w]

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.

Location Duluth, MN

Soil Type | Soil 1 || Soil 2 || Soil 3 || Soil 4 || Soil 5

¥

Single Family Detached Home
w/ basement foundation

¥

-3

Typology

=]
S

Insulation Level

Ground Loop
Clearance

|IOCm Clearance | |500m Clearance| |100cm Clearance| |2000m Clearance

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
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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

Average Ground Loop Average Ground Loop
Week No. o Week No. o
Temperature [° C] | Heat Flux [W] Temperature [° C] | 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

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

a per case basis was performed as such:

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.




6)

7)

8)

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).

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

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. Cezou! Lo Soil Type Case No. Ll sty Soil Type
Clearance [cm] Clearance [cm]
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.
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Figure 11: Annual heat flux of sides 1&2 - soil 1 (low A, low VHC) [common scale]
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Figure 12: Annual heat flux of sides 1&2 - soil 1 (low A, low VHC) [custom scale]
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Figure 13: Annual heat flux of sides 1&2 - soil 2 (high A, high VHC) [common scale]
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Figure 14: Annual heat flux of sides 1&2 - soil 2 (high A, high VHC) [custom scale]
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Figure 15: Annual heat flux of sides 1&2 - soil 3 (low A, high VHC) [common scale]
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Figure 16: Annual heat flux of sides 1&2 - soil 3 (low A, high VHC) [custom scale]

43



Heat Flux, Q [W/m?]

2 0 2 4 6 8 10 12 14 16 18 20 22 24 26 28 30 32 34 36 38 40 42 44 46 48 50 52
Week Number

10cm = 50cm 100cm  e=jie==200Cm e No GL

Figure 17: Annual heat flux of sides 1&2 - soil 4 (high A, low VHC) [common scale]
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Figure 18: Annual heat flux of sides 1&2 - soil 4 (high A, low VHC) [custom scale]
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Figure 19: Annual heat flux of sides 1&2 - soil 5 (avg A, avg VHC) [common scale]
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Figure 20: Annual heat flux of sides 1&2 - soil 5 (avg A, avg VHC) [custom scale]
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Figure 21: Annual heat flux of sides 384 - soil 1 (low A, low VHC) [common scale]
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Figure 22: Annual heat flux of sides 3&4 - soil 1 (low A, low VHC) [custom scale]
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Figure 23: Annual heat flux of sides 3&4 - soil 2 (high A, high VHC) [common scale]
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Figure 24: Annual heat flux of sides 3&4 - soil 2 (high A, high VHC) [custom scale]
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Figure 25: Annual heat flux of sides 3&4 - soil 3 (low A, high VHC) [common scale]
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Figure 26: Annual heat flux of sides 3&4 - soil 3 (low A, high VHC) [custom scalel
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Figure 27: Annual heat flux of sides 3&4 - soil 4 (high A, low VHC) [common scale]
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Figure 28: Annual heat flux of sides 3&4 - soil 4 (high A, low VHC) [custom scale]
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Figure 29: Annual heat flux of sides 3&4 - soil 5 (average A, average VHC) [common scale]
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Figure 30: Annual heat flux of sides 3&4 - soil 5 (average A, 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 b, 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/m® for sides 1&2 and 7.5
W/m* 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/m’ for sides 1&2
and 3.9 W/m* 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.

Q
D : :
High T Building

Lower Q due to

low thermal — ¢ _——

conductivity

10cm
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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 Average Heat Loss [W/m’]
Conductivity, Ground Loop Clearance
k [W/ (m<K)] 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 Average Heat Loss [W/m’]

Conductivity, Ground Loop Clearance

k [W(n-K)] 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/m-10.0 W/m’, 3.9 W/m*-7.3 W/w’, and 3.8 W/m-5.4 W/m’ 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 b. At a 200cm clearance, the average building heat loss for all soils
varies between 3.5 W/m—3.6 W/m’, 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

Heat Loss Increase [%]
Soil Number Ground Loop Clearance
10cm | 50cm | 100em | 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

Heat Loss Increase [%]
Soil Number 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

25



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 b5, 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

Heat Loss Increase [%]
Soil Number 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 13 12 10
Total Average 20 19 16 12
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Figure 32: Annual heat flux of side 5 - soil 1 (low A, low VHC) [common scale]
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Figure 33: Annual heat flux of side 5 - soil 1 (low A, low VHC) [custom scale]
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Figure 34: Annual heat flux of side 5 - soil 2 (high A, high VHC) [common scale]
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Figure 35: Annual heat flux of side 5 - soil 2 (high A, high VHC) [custom scale]

59



Heat Flux, Q [W/m?2]

o N B~ OO

Heat Flux, Q [W/m?]

26
24
22
20
18
16
14
12
10

RIRIEI I I I IO OO RN

2 0 2 4 6 8 10 12 14 16 18 20 22 24 26 28 30 32 34 36 38 40 42 44 46 48 50 52
Week Number

10cm = 50cm 100cm  e=jie==200Cm e No GL

Figure 36: Annual heat flux of side 5 - soil 3 (low A, high VHC) [common scale]
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Figure 37: Annual heat flux of side 5 - soil 3 (low A, high VHC) [custom scale]
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Figure 38: Annual heat flux of side 5 - soil 4 (high A, low VHC) [common scale]
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Figure 39: Annual heat flux of side 5 - soil 4 (high A, low VHC) [custom scale]
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Figure 40: Annual heat flux of side 5 - soil 5 (average A, average VHC) [common scale]
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Figure 41: Annual heat flux of side 5 - soil 5 (average A, 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/m" to
2.6 — 3.0 W/m’. The variation between a 10cm and 200cm ground loop clearance
for soil 1 is 0.4 W/m’, 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 Average Heat Loss [W/m’]

Conductivity, Ground Loop Clearance

k [W/(meK)] 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
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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.
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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/me<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 1in 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/m’ to 3.1-3.5 W/m’ and 4.6-5.2 W/m’ to 3.4-3.5 W/m’
respectively. Whereas soils 2, 4, and 5 had decreases in average building heat
losses of 3.9-4.2 W/m” to 3.5-3.6 W/m’, 3.9-4.3 W/m" to 3.5-3.6 W/m’, and 4.1-4.6
W/m* to 3.4-3.6 W/m” 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/ (me*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 1its 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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Zehnder
Comfosystems
ComfoFond-L Eco

Zahnder Tuly balleve that If you ars
creEing & Sys1em solutlon then you nasd
Integramed products which ane designed
0 it together I arder m ghve 8 refned,
coheshe epproach. Streamiining the
numbsr of suppllers and aquipment
SOUMCEs, @NSUNES That procuremant

s elmplifiad, the numbsr of potermal
deliveres reduced and the apporuniy
for emor minimized. Choosing 8 sysvam
which Is deskined T fit Tog e,
simplfies and reduces Installaton tme,
Improves system eMclencles and ansures
avalabliy of all companents needead 1o
oo e Job.

Zahnder's high qualiey producTs ar
daslgnaﬂm service the low ENengy
housa of tomomow. AT TIrst leval wa
affar ComfaAlr heat FeCoveary unls for
talencadvendiadon and reduced Near
JOE= I &n alr Tight homa.

The Zehnder ComfoFond-L Eco sub-
50l haat exchangers are dasignad to
COMPRMENT OUr NEST recovary unis.
When connected 10 8 Zahnder ComToAlr
350 Luxe or 550 Luwe systam, It
augrmants e opdmum cormfart of The
supply alrto the dwelling Houghout the
yaar- even when the ramparamre falls
below zera. This can help Improve the
atficlancy of the haat recovery unis as
e INComing 8 raquires (eSS energy ™
meet e desied comion Temparams.
By s8ving enengy and providing an
optimised Indoor climate, banafits are Telt
by the bulidng, e homeowner and the
AW IOnmEant.

Pty slcal speciflicatons

‘CormfoFord- L Eco 350 funts shizwn with aptional support frames)
Walght: 4akg

Installabon: Whall miouriting or support frams (suppliod sopanaaly)

Fro-heating capaciy: 1804W
Fre-cooling capactty: 1981 W

Liguid connection: Etandard 3" siralght connsction
Ar resistance: 21 Faak 350 m¥h

Insulation thickneaa: 2Smm

[Fltkar: a4

all dmansions shown ans in milimsines

‘GornfoFond- L Eco 550 furiks shown whh optional support frames)
‘Walght: 4Tkg
Inztallabon: Wall meaurding or support frams (supplied sepanrsld

Fre-heating capactty: 2070W
Fro-cooling capactty:  2T84W

Liquid connacton: Etandand 3" straght connsction
Ar realstance: 82 Paat 550 m¥h

Insuletion thicknass:  25mm

[Fltksr: a4

al dmansiors shown ars in milimeime
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Sub-soil heat Ioop baaccn he IndWIcLl Gtats o you pacs. PR o

exchanger

How does ltwork?

The Zehnder ComfoFond-L Eco earth-
brine sub-sall haat GKCI‘IBI'IQH usas e
Nlﬂl"dy constant annual Temparawrne of
theeanh ata depth of onato ona and 8
half metres. This 'passive stor' of anargy
remains at a remparature of 8-12°C al
year round and can be used 1o temper
Incoming supply 8ir In winter and summer
months. i
+6.5°C supply air l"!)ﬂp-

= A brine fillad ground loop Is burked one
-12'C alr temp u{l‘ 3

0 one and & half metres below the
surface of the ground

The Integrated water pump moves e
brine through he ground loop at8 I/min
The temparawre of te brine Is then
madified by the temparature of the

ground temperabre +10

surmundlng earth
= The brine kop Is connected 10 e Winter - extemal air temperature at-12°C - brine solution flow rate at 8 Vmin.
ComfoFond-L Ecowhich draws In alr - alMow rate &t 250m¥h - SUpply alr TEmperarure &t +8.5°C

through an external wall

The Incoming ar is fifered and passed
through a liquid-to-alr heat exchanger
The tampering energy of the brine
loop is passed 1o this air which Is

then delverad Into the ComfoAlr heat
recovery unit for further empering
beafore baing supplied 1o e habhablke
rooms of the home

Sri Rhd ground lnep

Fround bempsrabn +1

Summer - external alr temperature ar +35°C - brine solution flow rate &t 8 Vmin.
- alfow rate &t 250m¥h - Supply alr temperature at +17°C
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Key feawres

= Continuous fresh air supply
for an optimum indoor
climate

= Tempered supply air
throughout the year

= Designed to integrate easily
and effectively with the
CA350 and CA550 from
Zehnder's ComfoAir heat
recovery range

= QOperates automatically
thanks to its integrated
temperature sensor

= Smaller overall footprint
thanks to parallel ground
loop instaliation

= ldeal for use in high-water
table and extremely effective
in water bearing sand/gravel
and granite soil types

= Exceptional energy
efficiency due to utilisation
of renewable enargy from
the ground

= Lessens the need for
additional heating or cooling
of the supply air

= The system is low
maintenance and all
serviceable parts are easily
accessible

Tha of a Cor
350 Luxo or S50 Luxe s shown here.

Forumnnn

L Eco when usod In conjunction with a Comfoalr

350 Luxo 2t a fNow rate of 350 mvh, tho additional

o ComfoAir
reslstance of approximatoly 31 Pa (83 shown In th graph shouid bo added 10 the total
SySom prossura which i Cakuated based on the unit and the ducting.

i 5
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s
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P
2
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/
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09 150 =0 350 450 =0
=¥h
Zohndor Amarica sots a now p dont in hoat ry officioncy for cold cimate ventilation
Zehndar has a now tha Industry 15300 of Lnbalancing the
vm-mmm«ym systom In coki weather by turning off the Intaka
benchmark with 00% ar to pravant the hoat axchanger from froazing.

Mmmﬂﬂimm
affickncy at -25°C. The 1asting wais compiotod
In Nowambar 2012 by Exova, a third party Homa
Vantiating Institute, in Alaska, one of the most
xtreme climates i1 tha world.

™ power ption of the
Zehndar ComioA T unit whon coupled with tha
wmmwumuqnomm-

the ComfoFonc-L sub-30ll heat axchanger, has
proven to ba, by far, 1ho bast cholcs for us to

meat our MVHR afficioncy goals. Even at -50°F,
the Fystom maintained a wo dogros difforcrtisl

wmmmmunmm

ha free storad anargy In the ground
10 femper the air entering the MVHRA unit, tha
frash Siterod a being suppilod to the home was
within 2-3 dagrees of the comfort Ismporature.
s cold

and provides & grounc-braaking alternathve o
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Think system. Think unit. Think ducting.

Heot recovary ls a systern - the unit ond the oo Tube and SomfoTubs Flok 51 - our

E ducting - and k ks the combination of these two high- perfommancs, samkrigid ar disiribution
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devulopans, Insiallens and home owners Tom

Ducting Is just as important o the unlt kealf Innoy ke featuras includng:
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= Andinl cdasigrs ghing Indvidusl rurs 40 sach mom

= Lorg tanm provielon of indoor alr qualky = Flaxblke deslgn remiving the riesed Tor band
= Effickncy and alflcw parfommancs conreclon componants

= Spsedand sase of nstallation Eagy 1o be maintained and cleansd

= Mole transfer mround tha homs Lightwaigt and fisciilks yot skl wery, wery

= Oocupent comfort and haakh girong - they con whtetand the weight of 8
pereon whhouk distorting snd con even be
buried In conorets

Mo resed Tor guss or ssalanis

Unigue bensfits - why choose the

Elecrical speciicaton
GomfoFond-L Eco?
= Frost-fres pemanan operation, ComfoFond-L Eco 350 ComfoFond-L Eco 550
EVEN &L EXIAITal TEMPEETres of P 230V - S0H Class 1l 23OV - SOHz Class |1
1258 an -25%C (a5 shown In e mﬂ:m nsEA * osan .
©CAsa sWUdy 0pposite) BATEIMUM power consumption  T0'W oW
= ComfoFond-L Eco prowkdes a
clesed loop system which offers
Improved fyglene over open loop
varsions
= The closed loop system offered by Produc codea
ComfoFond-L Eco dellvers lower
alr reslstance than an opsn kop ¥ mﬂﬂ-'-ﬂm e | m“ﬂ”fﬁlw TEE
=ystem lseding o lower runnilng 5
coaTs &nd erhanced eficlency . = ComtoFand-L Eco cFamA ComPolir 350 Like  CASSORLUKE
= Alkr-one soluton meaning 350 Aight Harded * Rignt Hanoea™'!
reducad Installaion dme - he
pump, praﬁsuamh and namar:" ComfeFond-L Eco GFSS0L — mnm\]rﬂsﬁllune CASSOLLUXE
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MANUTACTUTEr SNSUMSE COMPaTBIy
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Zehnder Comfosystems

Heat recovery ventilation from the experts in
energy-efficient, healthy and comfortable indoor
climate solutions.

With the continued focus and drive to build highly
insulated dwellings, heat recovery ventilation
remains the optimal solution for the provision

of good indoor air quality throughout the year.
Zehnder has more than 40 years' experience in the
development and production of ventilation units and
this experience forms the basis of well-considered

products and systems which have numerous
benefits; energy efficiency, comfort, health, ease

of use and integration.

Why choose Zehnder Comfosystems?

Zahnder understands the requirements of high performance bulidings and offers a full range of solutions o enswre the perfect indoor
climaze. Some of the key benefits of choosing Zehnder as your solution parmer are:

= A full range of whole house hea:
recovery venmianon units

= Products that are Independenty tested
and approved

= A range that covers all propeny skzes
from Smart, urban aparments 1o large,
luxury dwedlings

7
zeh\‘b
group

Zehnder Group UK Ltd
Greenwood House

Brookside Avenue - Austington
West Sussex - BN16 3LF

T+44 1903 777333
F +44 1803 782398

comfosystems&zennder.co.uk
WWW.Zenndear.co.ux

= ComfoAlr MVHR units that meet
swingent Passive House standards

= Year round comfort with ue summer
Dypass as standard

= Oulstanaing specific fan pawer (SFP)
and hear exchange efficiencles for real
rewards In SAP

v

Greenwood

Greenwood Akvac

A Divislon of Zehnder Group UK Lid
Greenwood House - Brookside Avenue
Ruszingron - West Sussex - BN16 aLF

T +44 1903 771021
F +44 1903 782398

Info@greenwood.co.uk
WWW.greanwood.co.uk
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ductng 1 complete Me sysiem
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= An exceptional in-house technical
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A2 - Owens Corning FOAMULAR® 150 XPS Rigid Foam Insulation

Sheet

FOAMULAR® 150

Energy-Saving, Moisture
Resistant XP5 Insulation

ASTM C578 Type X, 15 psi
minimum
Description

Owens Corning . FOAMULARE
150 extruded polystyrene

(%P3) insulation is a closed cell,
moisture-resistant rigd foam
board well suited to meet the
need for a wide vanety of building
applications.? FOAMULARE

150 %P5 insulation is ideal for
many residential and commeraal
construction applications such as
wall furning, penmeter/foundation,
cavity wall, pre-cast concrete,
crawl spaces, sheathing and other
applications®. FOAMULAR® 150
XP5 insulation is classified as a
Type X preduct when tested in
accordance with ASTM C578
and provides a long-term thermal
performance of R-5 perinch.

Like all FOAMULAR® XPS
products, FOAMULAR® 150
#P5 insulation is made with
Owens Comning's patented
Hydrovac® process technology
under strict quality control
measures, which makes it
highly resistant to moisture and
permits the product to retain
it's high R-value year after year
even after prolonged exposure

Product Data Sheet

to moisture, and freeze/thaw
cycling,

Key Features

+ Excellent long-term stable

insulating performance at R-5!
per inch

+ Exceptional moisture resistance,

long-termn durability

* Lirmited lifetirme warmanty’—
maintains 20% of R-value
and covers all ASTM C578
properties

* The only XP% foarm to be
GREEMGUARD Children
& Schooks Certifieds™

+ The only XP5 foam with
certified recycled content—
certified by Scientific
Certification Systerns (5C5)
to contain a minirmum 209
recycled content

* Will not cormrode, rot or
support mald growth

+ Zero ozone depletion potential
with 70% less global warming
patertial than our previous
formula

* Reusable

* Lightweight, durable rigid
foam panels are easy to handle
and install

* Easy to saw, cut or score

* Versatile applications: sheathing,
foundation walls, masonry
cavity walls®

* Mot for use in roofing, For
rocfing applications, use

FOAMULAR® THERMAPINKE
Extruded Polystyrene Insulation
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Extruded Polystyrene (XPS) Rigid Foam Insulation

Product type

= Mimimum compressive strength
of 15 psi

* Wide selection of sizes and
thicknesses

* Awailable in square, tongue and
groove or scored square edge

+ Compliant with building codes
and standards

Product Applications

High-performance FOAMULAR®
150 XPS insulation:

* Retards the transmission of
water vapor and moisture in
masonry walls

* Provides continuous insulation
over steel stud framing, in
insulated concrete sandwich
panel walls, or in rmasonry unit
cavity walls, or when used
with non-penetrating, surface
mcuntad furning systems over
masonry or concrete walls

Insulates and retains its
properties in below grade
permeter and foundation
applications, to complemnent the
insulating sheathing ervelope
around the building framing

FOAMULAR® |50 XPS
insulztion is ideal for below
grade applications. Extruded
palystyrene (XP5) is resistant
to degradation from the
components of common soils
and will retain its insulating
performance charactenistics
even after prolonged exposure
to mcisture.

Data



* Provides a weather resistant
barrier (when joints are
sealed) to enhance the building
resistance to air and moisture
penetration.

Technical Information

This product is combustible. A
protective bamer or thermal
barrier is required as specified

in the appropriate building

code. For additional information,
consult MSD5 or contact Chwens
Coming World Headquarters at
1-B00-GET-PIMNKE,

All construction should be
evaluated for the necessity to
provide vapor retarders. See
current ASHRAE Handbook of
Fundarmentals.

FOAMULAR® 150 XPS Insulation
i5 a non-structural material and
must be installed on framing
which is independently braced
and structurally adequate to meet
required construction and service
loading conditions.

FOAMULAR® insulation can be
exposed to the exterior during
normal construction cycles.
During that time some fading

of color may begin due to LV
exposure, and, if exposed for
extended periods of time, some
degradation or “dusting” of the
potystyrene surface may begin. It
is best if the product is covered
within &0 days to minimize
degradation. Once covered, the
deterioration stops, and darmmage
is limited to the thin top surface
layers of cells. Cells below are
generally unharrned and still
useful insulation.

FOAMULAR® 150

Extruded Polystyrene (XPS) Rigid Foam Insulation

Product Data Sheet

) ) .
Imf&lﬁf‘llgsmal Propertes!

Extruded Folystyrene iInsulation

Property Test Mathod? Value
Tharmal Resistance®, R-Vakss (180 day] minkmwm,
hr! FiBhu (RSL, "Cmanag
& 75°F [34°C) maan bemparature ASTHM TS
" Thicknass 5.0 f1EH}
75 (.32
10 (178}
20
3" Thickness 15 (3 &A%
€ 40°F {£.47C) mean lamperatune
* Thicknass 5.4 /195
4" Thickneas Bl (143
108 (1,505
35 (L3}
e grd: L]

TR-Walug" minimum

CAMNMULC 577
" Thickmiass

Comprescha Strongth’, minimum pal (73) AETHM DIED

Flaxural Strongth’, minimum pal kP2 ASTHM T3

Watar Absorptiont, mauimum % by voiuma ASTM 372

Watar Vapor Permaance”, masimum parm [npFa=sem’) ASTM E35

Dimenzional Stabllicy, maximum % Inear change ASTHM DRIBE

Flame Spread™* ASTM EB4 5

Smolka Davelopad™® = ASTHM EB4 45-17=
Dorypan ndaw®, minimum % by woluma ASTHM D& M
Servita Temperture, maxmom "F O] — 185 {74}
Linaar of Tharmal Expansion, n/ind™F (mime™C) ASTH EXIE 3.5 10 53w 107

1

&

R

Propariios shown are reprosentat walues for [° thick matertal, unles: ctherwise spociiied.

Maodified 25 nequired 10 mest ASTH C578

R maans the reabstance o haat fow; the highar the value, the preater the Insdation power. This insulation must be
rstzlied propary o get the marked R-valse. Follow the manufarturers instructions carofully Ha mansfachrer's
faci sheat k not provided with the malerial shipment, nequest this and review [t @refully. R-values vary depending
on marny fackors including the mean tempersture at which the test k conducied, and the age of the =mple at

tha tima of testing. Berauma rigd foam plastic Insudation products are rot al aged in aconndanoe with tha sama
standands, it ks useful 1o pubish comparison R-valee data The R-vale for FOAMULAR™ XF3 insulziion ks provided
from iesding &t two mean termparatures, $T°F and 75°F, and from teo sging ioonditioning)) technigues, 180 day real-
tima aged {25 mandaied by ASTHM C5TE} and 2 mathed of aoccleratod aging somatimes cled “Long Tam Thermal
REskEfance” (LT TE) par CAMMULC 577000, Tha A-valm it [B0 oy neal-1me 3pe and 75°F maan lempanaiure
commanly used 0 compare products and ks the valse printed on the product

Values 21 yiald or | I deflaction, whichaver coours first.

Walug 3t yheid or S, Whlhever OCurs Arst

Data ranges from Q00 o value shown dus io tha leval of preckion of the test mathod.

‘Wialorvapar parmeanos dorreases 2 thicknass Increases.

Thesa laborabory iests are not Inended bo desorbe the harands presenied by this material under achual Time condiions.
DCata from Underariians Laborsiories Inc.® das:fied. See Classfiction Cartficta U-157,

QLASTHM E24 Is thickness-depandant, tharefore 2 rangs of valuos |5 ghen.
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FOAMULAR® 150
Extruded Polystyrene (XPS) Rigid Foam Insulation

Tamanirons FOR LRIsG™

Product Data Sheet

Product and thﬂg Data
FOWMMLILAR® |50 Extruded P yrena Insulzdion
Material Packaging
Extruid porystyrens chosed £ol f0am, ASTH C578 Typa 3, |5 psl minimum Shipped In poly-wT=ppad units with INdvdualy wWiappet o Ended bundos
Product Dimensions Pallet {Unit) Dimenzions Square Board Bundles Pleces Plece:
Thicknesz  Thickness (In) = Width (in) (eypical) Width {ft) x feetper feetper  per par per
{in) x Length (In} Length (fc) x Height (ft) Pallet Pallet  Paller  Bundle Pallet Edges
1 %3498 4xBxE 3072 3,072 8 4 192
| %34 %88 ILCEL] 3072 1,072 E 4 192
| x4 x5 +x8xB 3072 3,072 8 12 B
48 ¢ 96 (Hal uniy 4xBx4 1,535 1,53 4 12 48
| x 48 x 108 4+x3xB 3456 3456 8 12 56 ——
1% ExHER +xBxB 148 3,07% B8 I8 128 Srored Souars
N 4B ¥ 96 4wExE 3,048 3,002 8 ] a4 Edga, Tongua &
2 IxMx08 +x8xB 1,536 3,072 8 12 B e
Ix4Bx5E +x8xB 1,535 3,072 8 5 48
2% 25x48x % +xBxB 152 3,830 + 5 36
E] Ix M98 +xBxB 1,034 3,07% B g &4
3% 4H %5 4w@xB 1,074 3,072 B8 4 12

I. Awmlizbio longthe and edge configurations vary by Shidmiess. Soo wwafcamutarcom for current cffarings. Ortharsizes may bo assibbic upon request. Consult your lacal
Owans Coming represantztive for avalabiity.

Standards, Codes Certifications and Sustainable  » Approved under the Mational
Compliance Features of FOAMULAR® Assocation of Home Builders
« Meets ASTM C578 Type X XPS Insulation (MAHB) Research Center
UL Classiiod ssip, " FOAMULAR® XPS insuiation Green Seal of Approval
. assified. i
A copy of UL Sl  5rEusbe « Utilizing FOAMULARS XPS
Classification @ * FOAMULAR® XPS insulation insulation can help builders
Certificate U-197 is made with a zero ozone achieve green building
is available at depletion formula certifications including the
www foarmulancom Environmental Protection
+ Certified by Soentific Agency's EMERGY STARE,
*» See |CC-ES ESR-106] at Certification Systems to contain the Mational Assooation of
WWW.ICC-25.0rg a minirmurn of 20% pre- Home Builders’ Mational Green

consumer recyded polystyrene Building certification, and the

* ASTM EIIS Fire Resistance U.5. Green Building Coundl's

Rated Wall Assemblies. See » Certified to meet indoor ar P
Leadersh E nd
www foamularcom for details. quality standards under the Esvimﬁrr:epnltnal Bi-rs%na[LEEDa’}
o i stringent GREEMGUARD certification
* Meets California Quality Indoor Air Quality Certification
Standards; HUD UM #71A Program®™, and the « FOAMULAR® XPS insulation
. ' — GREENGUARD Children & may qualify for The Buy
EEEPCI%DEEEEEE?UDH By Schools Certification Programst Amenican provision of the

Amencan Recovery and

- Qualiﬁed as an EMERGY Reinvestment Aot (ARP\A:]

STAR® product, under the
LS. Environmental Protection
Agency and the LS.
Department of Energy
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Environmental and
Sustainability

Orwens Comning is a workdwide
leader in building matenal systems,
insulation and composite solutions,
delivering a broad range of high-
quality products and services.
Crwens Corning is committed to
drving sustainability by delivering
solutions, transforming markets
and enhancing lves. More
information can be found at www.
sustainabilityowenscoming.com.

Warranty

FOAMULARE XPS Insulation
limited lifetirme warranty
maintains 90% of its R-value
for the lifetime of the building
and covers all ASTM C578
properties. S5es actual warranty
for complete details, imitations
and requirernents at www.
foarmularcom or www.
owenscomingoommercial.com.

Disclimer of Lability

Technical Information ontzined hersin & fumishad
withoud charge or obligation and & ghven and acoepied
&t redpiant’s sole risk. Because condiions af we may
vary and are beyond our oontrol, Chans Coming maies
no reprasentation about, and s nat responsible or
Izt for th ararscy or relahiity of dats asocstsd
WIth partiouiar uses of 2y produrt sesibed hansin
HMothing comaned In thi bulietin shal be coneldernd 2
reoammendation.

Tha GREENGUARD INDOOR AR QUALITY
CERTIFED mark is registorod cartification mark
uscd wrdar licores throwgh the GREENGUARD
Emaronmental Iretituta.

ENERGY STAR and the ENERGY STAR mark are
ragistand trademarks of tha LS. Envronmantal
Protaction Agency.

Thits MAHE Research Canter Green Approved mark
i5 your assurance that 2 product i alighle for points
toward Mational Grean Bulding Cerbfication. Wisit
www. GreenApprovedP roducts. com for details.
LEED is a ragisierad trademark of the U.5. Graan
Building Council.

Product Data Sheet

Motes

|.R means the resistance to heat
flow; the higher the R-value, the
greater the insulating power.

2.5ee actual warranty for
complete details, imitations and
requirermnents,

3. Mot for use in roofing. For
rocfing applications, use
FOAMULAR® THERMAFPINK®
Extruded Polystyrene
Insulztion.

All products described here may
not be available in all geographic
markets. Consult your local sales
office representative for more
information.

For more information on the
Crhvens Coming family of building
products, contact your Chwens
Corning dealer, call |-800-GET-
PIME®, or access our web sites:
wanw foamularcomn and wawwe
CAWENSCOMING.Com.

EENGUARD

edtear Air Qalicy Carnlnd
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Eullires & bebeah

EENGUAR

dear Alr Qualny Cerrited

DWENS CORNING FOAM INSULATION, LLC
ONE OWENS COANING PARKWAY

TOLEDD, OHIO 43858

1.800.GET-PINK®

WWW.OWRNSCOMing.com

Pub. Mo. 23513-H. Prmted in US.A. Sapternber 2011, THE PINK
PANTHER™ & @1364-2011 Matro-Caldwyn-Mayer Stadios e, Al
Rights Baserved. The color PINE iz 2 registared trademark of
Ohweres Corning. @201 Craans Coming.

FOAMULAR® 150

Extruded Polystyrene (XP5) Rigid Foam Insulation
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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] (wi] (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 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 wi] (w] wi] (w] wi]
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 a7 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
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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
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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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