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Ground-source heat pump (GSHP) systems efficiently heat and cool buildings by using sustainable geothermal

energy accessed by way of ground heat exchangers (GHEs). Loess covers vast parts of the world, about 10% of the

landmass; therefore, the use of piles or ‘micropiles’ is extensive in these areas, particularly where the thickness of

loessic soils is significant. These deep foundations have the potential to be used as ‘energy piles’ in GSHP systems,

with a minimal additional cost. This paper presents a case study of a representative real building in Córdoba,

Argentina, where foundations are also used as GHEs. The thermal properties of local soils were experimentally

measured and used in recently developed detailed state-of-the-art finite-element models. Results from the realistic

simulations show that the partial substitution of electrical heating and cooling systems with geothermal systems

could significantly reduce energy consumption and the size of associated infrastructure, despite the relatively

low thermal conductivity of local loess. Moreover, the effects of surface air temperature fluctuations, which are

routinely ignored in GHE design, are accounted for in these simulations. This case study shows the potential of GSHP

technology in loessic environments and gives incentives to engineers to start considering the technology in their

designs and practices.
Notation
A inner cross-sectional area of a pipe: m2

As earth surface temperature annual swing above and
below the average ground temperature: °C

Cp,m specific heat capacity of solid material: J/(kg K)
Cp,w specific heat capacity of carrier fluid: J/(kg K)
dh hydraulic diameter of pipe: m
fD Darcy friction factor
kv vegetation coefficient
p pressure: Pa
Qwall external heat exchange rate through pipe walls: W/m
T fluid temperature: °C
T(z, t) depth and time-varying temperature: °C
Tfar-field undisturbed ground temperature: °C
Tg annual average ground temperature: °C
Tinlet average inlet pipe temperature: °C
Tm temperature of solid material: °C
Tm,pipe wall temperature of solid material at the pipe outer wall: °C
Toutlet average outlet pipe temperature: °C
t time: s (Equations 1–4), d (Equation 5)
t0 number of days after 1 January to the minimum

earth surface temperature: d
v fluid velocity field: m/s
x, y, z Cartesian coordinates, with z denoting depth: m
z depth below the ground surface: m
a soil thermal diffusivity: × 10−2 cm2/s
lm thermal conductivity of solid material: W/(m K)
lw thermal conductivity of the carrier fluid: W/(m K)
rm density of solid material: kg/m3

rw density of carrier fluid: kg/m3

Introduction: ground-source heat pump
systems and loess deposits
Ground-source heat pump (GSHP) systems efficiently heat and
cool buildings by using sustainable geothermal energy accessed
by way of ground heat exchangers (GHEs). In closed-loop
systems, GHEs comprise high-density polyethylene (HDPE) pipes
embedded in specifically drilled boreholes or trenches or even
1
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built into foundations, all within a few tens of metres of the
surface (Figure 1). GSHP systems operate at a coefficient of
performance of about 4 throughout the year, basically delivering
4 kW of heating or cooling for every kilowatt input into running
the heat pumps (Amatya et al., 2012; Brandl, 2006; Johnston
et al., 2011; Preene and Powrie, 2009).

Loess is an unstable soil that develops collapse due to water
content and/or load increases. Loessial soils are loosely cemented
aeolian sediments composed mainly by fine sand, silt and clay
particles that accumulate when deposited by wind (primary loess)
and sometimes particles are retransported by either water or snow
(secondary loess). In both cases, particles are frequently cemented
by either precipitated calcium carbonate or silicates (Francisca,
2007; Moll and Rocca, 1991; Rocca et al., 2006). Loess covers
vast parts of the world, about 10% of the landmass, and is
encountered across New Zealand, from Western Europe to China
(including Russia), across North America and in regions across
South America (Quintana Crespo, 2005; Rocca et al., 2006;
Zárate, 2003). In particular, loess deposits cover large areas of
Córdoba, Argentina, and are tens of metres thick.

To support the structures constructed on this type of soil, the
use of piles (>300mm diameter) for multistorey buildings or
‘micropiles’ (<300mm diameter) for lighter residential buildings
is quite extensive. These foundations, which are already required
for construction purposes, can serve a dual purpose both as
foundations and as GHEs (i.e. energy piles). No extra costs
(except the minor pipe costs) for drilling and installation are
added as the already built structural piles are used as GHEs.
However, there are virtually no studies conducted on the
feasibility and design of geothermal systems in loessial soils and
there is a missed opportunity in current practice to use deep
foundations as structural elements and as GHEs when dealing
with loessial sites. The GSHP alternative becomes even more
attractive in areas where natural gas infrastructure is not available
and only expensive liquefied petroleum gas or wood is used for
2
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heating. GSHP systems can significantly reduce the use of these
fuels in these (predominantly rural) areas and at the same time can
provide an alternative clean energy for conditioning of buildings.

To exemplify the benefits of GSHP systems in loess deposits
and highlight potential issues, this paper presents a numerical
case study of a representative real building in Córdoba, where
foundations are also used as GHEs. While this study focuses on
the thermal performance of energy piles, the effect of cyclical
heating and cooling on the structural and geotechnical strength of
piles is a necessary aspect to also consider in geothermal projects;
however, this latter aspect is beyond the scope of this work.
Nevertheless, it is important to note that in the case of loess,
structural concerns may arise from rupture or leakage of HDPE
pipes and water filtration into this collapsible soil. It is therefore
crucial to ensure a high standard in quality assurance and quality
control of the thermo-fused pipe joints. This is routinely achieved
by way of visual inspections and subsequent pressure tests of
the U loops before and after casting and during commissioning of
the GSHP systems, as outlined in various International Ground
Source Heat Pump Association guidelines (Oklahoma State
University, 2009).

Main characteristics of loess
Loess is a quaternary sediment composed mainly of fine
particles that form an open microstructure. Therefore, this soil is
characterised by an internal structure that controls the thermo-
hydro-mechanical behaviour of loessial formations. Loess is an
unstable soil that develops collapse due to water or internal
pressure increases. This produces significant settlements that affect
civil infrastructure and structures that suffer significant distortions
(Rocca et al., 2006). Loessial soils cover approximately 10%
of the continents, including North America, Europe, Asia and
South America (Rinaldi et al., 2007). The most significant loess
formations are found in Argentina (Iriondo, 1997; Zárate, 2003),
the Czech Republic (Marschalko et al., 2013), China (Kukla
and An, 1989), Russia (Little et al., 2002), Spain (Günster et al.,
Winter Summer
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ColdHot

Hot

GSHP GSHP

GHE

Heat Heat
Figure 1. Schematic diagram of a GSHP system in heating (winter)
and cooling (summer) modes (Note: not to scale)
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2001) and the USA (Leighton and Willman, 1950). All these
formations are characterised by a macroporous structure with very
high void ratio (typically from 0·9 to 1·25), predominantly fine
granulometry mainly composed of silt- and clay-size particles
and poorly accommodated structure. As a consequence, loess
collapses when water and pressure increases. This phenomenon
produces significant damage to buildings constructed on shallow
foundations (Rocca, 1985). Different loessial soils can be found
depending on whether they suffered changes in the original
structure. Primary loesses are those that preserve the original
structure generated when they were deposited, while secondary
loesses arise when particles of primary loess are transported by
any other action such as gravity, water or snow.

Loess formations cover approximately 35% of Argentina (Terzariol,
2009) with a thickness that varies from 10m to more than 60m,
thus making these formations a good candidate to investigate
GSHP system applicability in loess. In general, the mineralogy of
Argentinean loess is characterised by an abundance of plagioclase
(20–60%), relatively little quartz (20–30%) and a significant
percentage of volcanic glass (15–30%), and calcium carbonate
(2–10%) (Teruggi, 1957). The Argentinean loess also has significant
fraction of volcanic glass as a major component of the silt and sand
fractions in comparison with other loess formations around the
world (Kostić and Protić, 2000; Kröhling and Iriondo, 1999).
 [ University of Melbourne] on [08/04/16]. Copyright © ICE Publishing, all righ
The open structure, large void ratio and mineralogy of loess
control the heat flow in these formations. In addition, tillage
systems and compaction influence soil thermal properties as well
as volumetric water content (Guan et al., 2009; Usowicz et al.,
1996). There is limited literature about the thermal characteristics
of loess. Nevertheless, Table 1 summarises the most significant
thermal properties of different loessial soils around the world.
The most frequent thermal conductivity of Argentinean loess
is close to 0·65W/(mK) and tends to increase with the water
content and bulk density of the soil (Dec et al., 2009; Gogół
et al., 1973; Guan et al., 2009; He et al., 2000; Johnson and
Lorenz, 2000; Kodešová et al., 2013; Narsilio et al., 2015;
Usowicz et al., 1996; Wang et al., 2007; Zuo et al., 2011).

Site description and thermal characterisation
The case study, a residential building, is located 2 km west
of Córdoba City (Argentina) and consists of a typical residential
two-storey building with a footprint of approximately 85m2

in a 475m2 block of land (17·6m × 27m) (Figure 2(a)). The
geological formation corresponds to a wind plain aggradation
mid-Pleistocene to early Holocene. This domain is characterised
in the field of Córdoba City and its periphery, on both sides of
the valley of the Suquía River, by a gently undulating plane of
sedimentary cover – loessoide silt with a regional tilt to the east
of the order of 0·5%.
Site/location
 Thermal
conductivity:
W/(mK)
Volumetric
heat capacity:
MJ/(m3 K)
Specific heat
capacitya:
J/(kg K)
ts reserve
Bulk density:
kg/m3
d.
Volumetric
moisture

content: %
Source
Poland
 0·5–1·75
 1230–1820
 0·0–20·0
 Gogól et al. (1973)

Felin, Poland
 0·47–1·98
 1·39–2·42
 1320–1410
 10·5–24·8
 Usowicz et al. (1996)

Fangshan County, China
 0·352, 0·344,

0·311

1·44, 1·39,
1·27
—
 —
 He et al. (2000)
Alaska, USA:

CRREL Permafrost
Tunnel
0·07–0·18
 700–1000
 5·7–8·0
 Johnson and Lorenz
(2000)
Birch Hill field
sample
0·15
 —
 1160
 1·9
Chena Spur Road
sample
0·73, 0·8
 1350, 1360
 3·8, 6·5
China
 0·29–1·65
 1·497–2·95
 1050–1650
 0·5–43·5
 Wang et al. (2007)

Loess Plateau, China
 0·4–1·5
 0·01–2·5
 —
 5·5–16·0
 Guan et al. (2009)

Northern Germany
 0·91–1·08
 2·00–2·90
 1470–1530
 18·0–42·5
 Dec et al. (2009)

Gansu, China
 1·0
 —
 1200–1240
 —
 Zuo et al. (2011)

Suchdol, Czech Republic
 0·25–1·5
 1·1–3·1
 1310
 —
 Kodešová et al. (2013)

Córdoba, Argentina
 0·36–0·88
 —
 1200–1400
 13·5–33·0
 Narsilio et al. (2015)
a Estimated based on the reported data.
CRREL: Cold Regions Research and Engineering Laboratory.

Table 1. Loess thermal conductivity ranges in different places
around the world
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The formation consists of four distinguishable layers (Figure 2(b)):
non-plastic silt with some organic matter (z = 0–0·3m below
ground surface); collapsible non-plastic silt with some clay and
sand (z = 0·3–9·5m) (primary loess); low-plasticity silt with sand
(z = 9·5–13m) and a sand with silt and gravel layer (z > 13m).

The water table was not found within 14m below the ground
surface at the time of the geotechnical site investigation, which was
conducted during the dry season (winter). However, the groundwater
table in this region is known to be located deeper than 20m. In the
loess layer, the natural water content was found to be about 17%
and the dry density was about 1400 kg/m3 (thus, a total density of
the order of 1600 kg/m3). The water content profile measured up to
5m in depth is shown in Figure 2(b) and for modelling purposes
(‘Numerical modelling’ section), it is assumed constant throughout
the year, with the above value taken as representative.

The foundations of this case study involve a total of 13 bored piles,
9·5m deep, with nine piles of 0·4m diameter and four (central)
piles of 0·6m diameter. Due to the relatively short length of the
piles, the groundwater table is expected to be deeper than the depth
of the piles throughout the year.

The thermal needle probe method was used for the determination
of thermal conductivity of ‘typical’ loessial silts from Córdoba
following ASTM recommendations (ASTM, 2008). Figure 3
summarises the measured thermal conductivities for a range
of dry densities and water contents, resulting between 0·36 and
0·88 W/(mK).
4
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Numerical modelling
The aforementioned information is used in detailed finite-element
simulations of the GHE field corresponding to the building
foundations using a recently developed state-of-the-art model,
details of which can be found in Bidarmaghz (2014) and
Bidarmaghz et al. (2016). The model can account for the local
geology, surface thermal recharge and the local weather for a
more realistic representation of GHEs’ thermal behaviour. An
overview of the model and the geometry and initial and boundary
conditions of the case study follows.

Governing equations
A three-dimensional (3D) numerical model based on fundamental
principles has been developed and implemented using finite-
element methods. The governing equations for fluid flow and heat
transfer are coupled numerically within the finite-element package
Comsol Multiphysics to evaluate the thermal performance of
GHEs. Although important, the mechanical behaviour of the
energy piles is outside the scope of this work and this study
focuses on only the thermal responses of energy piles under
realistic heating and cooling cycles.

Heat transfer around and in the GHEs is modelled primarily by
conduction and convection. Heat conduction occurs in the soil,
GHE backfilling material (concrete) and HDPE pipe wall and
partially in the carrier fluid (water). Heat convection dominates
in the carrier fluid circulating in the pipes as there is no
groundwater flow in the ground (the groundwater table was not
found at the site). In this modelling, the fluid flow and heat
(a) (b)
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Figure 2. (a) Site location; (b) representative soil profile, water
content and SPT profile within the site. Data courtesy of GEoS and
Profundar
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transfer in the carrier fluid are coupled to the heat transfer in the
pipes, the GHEs and the surrounding soil.

The fluid-flow regime in the long pipes is considered as fully
developed (e.g. the entrance length of a typical 25mm round pipe
is only about 0·5m); thus, the fluid flow and the heat transfer
in the fluid are simulated using one-dimensional (1D) elements
and are coupled to the 3D heat transfer in the GHEs and the
surrounding soil.

To model the 1D fluid flow inside the pipes, the continuity and
momentum equations for incompressible fluid are used as follows
(Barnard et al., 1966).

∇ðArwvÞ ¼ 01.

rwð ∂v∂t Þ ¼ −∇p − f D
rw
2dh

jvjv
2.

where A is the inner cross-section of the HDPE pipe, rw is the
carrier fluid density, v represents the fluid velocity field, t shows
the time, p is the pressure, fD represents the Darcy friction factor
and dh is the hydraulic diameter of the pipe. The energy equation
for the fluid flow to describe the convective–conductive heat
transfer for an incompressible fluid is (Lurie, 2008)

rwACp;w
∂T
∂t

þ rwACp;wv∇T

¼ ∇ðAlw∇TÞ þ f D
rwA
2dh

jvjv2 þ Qwall3.

where Cp,w is the specific heat capacity of the fluid, lw represents
the thermal conductivity of the fluid and Qwall is the external heat
exchange rate through the pipe wall. The above equations are
 [ University of Melbourne] on [08/04/16]. Copyright © ICE Publishing, all righ
solved for pressure p, velocity field v and temperature field T in
the carrier fluid and are coupled to the temperature field Tm
obtained from the conductive heat transfer equations solved for
the soil, the GHEs and the pipes (Equation 4). The coupling arises
from the Qwall term in Equation 3, as Qwall is directly proportional
to the temperature inside the HDPE pipe T and the temperature on
the outer wall of the HDPE pipe Tm,pipe wall. It should be noted
that heat transfer in the soil, the GHEs and the pipe wall is purely
conductive due to the absence of ground water flow.

rmCp;m
∂Tm

∂t
¼ ∇ðlm∇TmÞ4.
where rm represents the solid material density and Cp,m and lm
are the specific heat capacity and the thermal conductivity of
the given solid material (soil, concrete, and HDPE) respectively.
This model, completed with appropriate initial and boundary
conditions, has recently been validated against available analytical
solutions, and full-scale experimental data (Bidarmaghz, 2014;
Bidarmaghz et al., 2016). The model is capable of accurately
predicting heat transfer between the ground and the GHEs in
both laminar and turbulent regimes and homogeneous and
heterogeneous soil profiles and flexible in exploring a number
of different pipe placement configurations in steady-state and
transient conditions.

Case study: geometry, initial and boundary conditions
The finite-element model and the key initial and boundary
conditions, together with the GHEs’ (piles) configuration, are
shown in Figure 4. The 13 GHEs are spaced between ~2 and
4·4 m. Only the four piles in the middle row are 0·6 m in diameter,
allowing the insertion of three HDPE U loops, whose spacing
between inlet and outlet pipes is 0·16m (a detail is shown in
the figure as well). The remaining nine piles can accommodate
only two of these U loops, given their reduced diameter of 0·4 m.
It should be noted that these GHEs are bored piles; therefore,
full contact between the concrete and the soil is expected and
considered in these simulations. However, isolated air pockets
(incomplete concreting or imperfections in the pile) may reduce
GHE (structural and thermal) efficiency. The size of the ground
domain in the numerical model(s) is based on a sensitivity analysis
conducted on the distance between the outer GHEs and the
‘external’ boundaries of the ground, such that the far-field
boundaries are far enough from the GHEs in all models to avoid
artificial edge effects (minimum distance of 8m).

The parameters used in all numerical models are shown in
Table 2. The initial and far-field ground temperature Tfar-field
varies with depth z and time t of the year; these variations derive
from the surface air fluctuations throughout the year, particularly
in the upper few metres of the soil (i.e. about 4m in Córdoba,
Argentina). However, the average soil temperature deeper than
about 4m tends to be very close to the mean ambient temperature
throughout the year at this location (i.e. 18°C).
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Figure 3. Measured Córdoba loess thermal conductivity for a
range of water contents and dry densities
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Thus, some heat is exchanged between the air and the ground
(surface thermal recharge/discharge) and it is accounted for in
additional simulations following Baggs’s adjusted empirical
formulations (Baggs et al., 1991).

Tðz; tÞ ¼ Tg þ 1�07 kvAs exp½−0�0031552zð 1a Þ0�5�
cosf 2p

365
½ðt − t0 − 0�18335zÞð 1a Þ0�5�g5.

where T(z,t) is the ground temperature at depth of z metres after t
days from 1 January taken as Tfar-field and as initial condition, Tg
is the average annual ground temperature (18°C in Córdoba,
Argentina), kv is the vegetation coefficient taken equal to 0·50 in
this study (according to Baggs et al., 1991, for ground in full
sun kv = 1 and for a long grass-covered area kv = 0·25), As is the
earth surface temperature annual swing above and below the
average ground temperature (14°C), t0 represents the number of
days after 1 January to the minimum earth surface temperature
(238 d in Cordoba) and a stands for the soil thermal diffusivity
(0·3645 × 10−2 cm2/s).

For simplicity, the annual peak building thermal load was
estimated based on rules of thumb for typical gated community
residencies in Córdoba (heating = 0·035 kW/m3 or 30 kcal/(hm3);
cooling = 0·058 kW/m3 or 50 kcal/(hm3)) rather than detailed
energy balance calculations. This case study comprises a total of
6
ed by [ University of Melbourne] on [08/04/16]. Copyright © ICE Publishing, al
160m2 covered area, of which 20m2 is for a double garage that
does not need conditioning. Thus, for 2·6m high ceilings, the
peak heating and cooling demands result in approximately 12·7
and 21·1 kW respectively.

Results and discussions
There are a number of design strategies that could be implemented
when deciding on a residential GSHP system, including aiming to
provide 100% of the heating and cooling required or to combine
geothermal with auxiliary systems (i.e. designing a hybrid system)
in all cases avoiding ground freezing that could lead to ground
heave or damage to concrete in the pile (Loveridge and Powrie,
2014). Perhaps the first question to be answered is what the
geothermal installed capacity of this residential building would be
if all 13 of its piles were used as GHEs. Figure 5(a) shows the
total building heating and cooling demand distribution throughout
a year, based on the peak demands (12·7 and 21·1 kW; ‘Case
study: geometry, initian and boundary conditions’ section) and the
air temperature recorded in 2014.

The newly developed numerical model revealed that the 13 piles
are unable to satisfy 100% of both heating and cooling thermal
demands of the building. Thus, one alternative is to consider
hybrid systems: the GSHP system covers part of the demand
and the auxiliary systems (e.g. smaller gas heater(s), smaller air
conditioner unit(s) and thermal solar panels and busters) are either
used to top up the supply of heating or cooling (case 1) or just
turned on when this base demand exceeds the geothermal capacity
(a) (b)
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30 m

Tfar-field = T(z,t)

Ground
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footprint

Pile 9·5 m

Outlet
InletEnergy piles
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600 mm Ø

400 mm Ø

1
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4
5

6

9
8
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Tz = 0 = T(0,t)
qz = 0 = 0

y

z
x

GHE = 600 mm Ø
Flow rate = 6 l/min per loop
HDPE pipe = 25 mm Ø
Pipe SDR = 13·6
Figure 4. (a) Finite-element model used in the simulations, with
soil limits far enough to minimise artificial boundary effects and
the building footprint; (b) a detail of a 0·6m energy pile
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(case 2). Case 1 implies that the auxiliary system is running all
the time concurrently with the GSHP, while case 2, only a number
of days each year.

As presented in Figure 5(a), case 1 indicates that the GSHP
system is designed to provide half and one third of total heating
and cooling demand of the house respectively, with an auxiliary
system being used 246 d in heating mode and 118 d in cooling
mode. The geothermal system satisfies up to 7 kW of the peak
heating and cooling demand of the house. In the other case
(case 2), the GSHP system also has the same 7 kW peak capacity;
however, due to the different thermal load distribution, the
geothermal system is aimed at satisfying almost all heating and
more than half of the cooling demand of the house with
significantly fewer days of auxiliary systems being used.

To highlight how the GHE field will perform and react to the
defined thermal loads, the modelled average fluid temperature
variations (i.e. (Tinlet + Toutlet)/2) in the most demanded GHE (pile
5; Figure 4) obtained from 20-year numerical simulations are
presented in Figure 5(b). It is observed that satisfying case 1’s
thermal load distribution results in a reasonable temperature range
(3·1–44·3°C) compatible with most commercially available heat
pumps. On the other hand, case 2 results in a fluid temperature
drop to a minimum of −2·2°C in cold seasons (which is
acceptable with an antifreeze solution used as carrier fluid instead
of plain water) and a rise to the maximum of 56·5°C in warm
seasons. This maximum fluid temperature for case 2 is higher
than typical GSHP recommended temperature for water entering
the heat pump (EWT). It follows that this GHE field, using the
structural piles, is not capable of delivering the more desirable
thermal load defined for case 2. Thus, this article focuses on case
1 from here on.

Figure 6 shows the temperature field at middepth of the energy
piles (about 5m below ground surface) (year 10). The figure
shows that freezing is avoided in the GHE field for case 1, with
no point within the soil or the energy piles reaching less than
4·8°C, even during the coolest seasons when the GHEs extract
more of the thermal heat from the ground. Therefore, potential
structural problems due to concrete freezing and/or soil heaving
are circumvented.
 [ University of Melbourne] on [08/04/16]. Copyright © ICE Publishing, all righ
From these results, it follows that even though the low thermal
conductivity of loess (0·7W/(mK)) and relatively shallow GHEs
(~10m) affect the thermal efficiency of the GSHP systems, the
incorporation of a GSHP system into the essential 13 structural
piles (described in ‘Site description and thermal characterisation’
section) leads to about 30% savings in conventional energy usage
(e.g. electricity or fossil fuels) and in energy bills, with the GSHP
satisfying at least 54% of the heating needs and 33% of the
cooling needs. Although this GHE field cannot provide 100%
of the required heating and cooling demand, it can be used to
provide part of the building thermal demand with little additional
capital cost.

To increase the capacity of the GSHP system conditioning
the case study building, another alternative would be drilling
additional GHEs outside the footprint of the house in the available
block of land. Increasing the number of GHEs may lead to
some extra drilling costs; however, it may also have significant
influence on further reducing running energy costs. Therefore, 12
9·5m long GHEs are added to the original GHE-field, bringing
the total number to 25. These additional GHEs do not serve
any structural purpose. Surface thermal recharge is also accounted
for. Figure 7 shows a schematic diagram of the GHEs and their
locations within the available block of land with 12 GHEs being
added to the original GHE field. The extra GHEs are of 0·6m
diameter, contain three U loops, and are of the same depth as the
rest of the GHE field (9·5m long GHEs).

The building thermal load applied as one of the boundary
conditions on the model is shown in Figure 8 with 12·7 kW of
peak heating and cooling demand now aimed to be satisfied
(instead of 7 kW).

The average fluid temperature obtained from one of the most
thermally influenced GHEs (pile 5) is shown in Figure 9.
Satisfying a peak load of 12·7 kW heating and cooling leads to the
fluid temperature varying within a reasonable range (i.e. maximum
of 37·2°C and minimum of 6·8°C). The extra 12 GHEs in the
GHE field results in 100% of the heating demand and 60·2%
of the cooling demand being provided by the GSHP system. A
significant improvement in heating and cooling capability of the
system is obtained in comparison to the cases investigated in cases
Material
 Thermal conductivity:
W/(m K)
Specific heat capacity:
J/(kg K)
ts 
Density: kg/m3
reserved.
Tfar-field: °C
 Diameter: m
 Spacing: m
Loess (soil)
 0·700
 1200
 1600
 T(z, t)
 —
 —
Concrete (piles)
 2·100
 850
 2350
 —
 0·4, 0·6
 2–4·4

HDPE (pipe)
 0·400
 —
 0·025
 0·16

Water (fluid)
 0·582
 4180
 1000
 —
 —
 —
Table 2. Summary of the key input parameters used in the
numerical models
7



Environmental Geotechnics Geothermal energy in loess
Bidarmaghz, Makasis, Narsilio, Francisca and
Carro Pérez

Download
1 and 2. Moreover, the even smaller (and cheaper) auxiliary
conditioning system is required for 118 d per year and only in
cooling mode. The savings in the installation of auxiliary systems
and on running costs would determine the economic feasibility of
the additional drilling costs.
8
ed by [ University of Melbourne] on [08/04/16]. Copyright © ICE Publishing, al
GSHP system designers and potential users of these systems
should be aware that inadequate designs (or drastic changes in the
thermal load patterns) may lead to more pronounced overheating
or overcooling of the soil in the medium term until reaching a
periodic thermal equilibrium. This change or drift in the overall
First month
Cooling peak

Fourth month Seventh month
Heating peak

Tenth month

43·7°C 40°C 30°C 20°C 10°C 4·8°C
Figure 6. Temperature field in the 13 piles and surrounding soil at
5 m below surface (year 10)
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Figure 5. (a) Thermal load distributions throughout a year and
(b) GHE response over a 20-year period (including typical GSHP
operating EWT range)
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ground temperature from year to year inevitably influences the
efficiency of the system over time, thus affecting the running costs
and saving levels of the GSHP systems during their life span.

Loessial soils in Córdoba, Argentina, are of relatively low thermal
conductivities. However, loess covers extensive areas in Asia,
 [ University of Melbourne] on [08/04/16]. Copyright © ICE Publishing, all righ
Europe and America, for which higher thermal conductivities
have been reported (see Table 1). To investigate the effect of
higher soil thermal conductivities on thermal exchange capacity of
GHEs in loess, numerical models with thermal conductivities of
1·1 and 1·6W/(mK) have been built and solved and results of 20
years of system operation are shown in Figure 10. The building
Extra GHEs

Ground

8 m

Tz = 0 = T(0,t)

Tfar-field = T(z,t)

qz = 0 = 0 GHE (9·5 m)
600 mm Ø
400 mm Ø

15 m
Block of land
footprint

Ground

1
2

3

7
11

10

6
5

4
8

9
13

12

38 m
Figure 7. Schematic diagram of the expanded GHE field and
location of the GHEs within the block of land
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Figure 8. Building thermal load applied on the model with
extended number of GHEs (25 GHEs)
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thermal load distribution applied on this model follows the pattern
shown in Figure 5(a) indicated as case 1, which is applied
on 13 9·5m-long GHEs. It is observed that loessial soil with
higher thermal conductivity will significantly improve the thermal
performance of GHEs. The maximum fluid temperature in the
most thermally affected GHE is about 5·4°C lower than in case 1
when the soil thermal conductivity is equal to 1·1W/(mK)
(38·9°C against 44·3°C). Increasing the thermal conductivity to
1·6W/(mK), which can be considered as an average value
of highly conductive loessial soils based on Table 1, further
decreases the maximum fluid temperature to about 33·6°C, which
10
ed by [ University of Melbourne] on [08/04/16]. Copyright © ICE Publishing, al
is 10·7°C lower than the maximum fluid temperature observed
in case 1. These results suggest that with higher thermal
conductivity loess, the GHE field is not working at its full
capacity and either the thermal load aimed to be satisfied by
the GSHP system can be increased or alternatively the number
of additional GHEs can be reduced.

Conclusions
Pile and micropiles in loessial areas can be easily converted
into GHEs while being built. Results from realistic detailed
modelling show that the partial substitution of electrical heating
36·7°C 36·7°C37·2°C
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Figure 9. Average GHE fluid temperature in the expanded GHE
field during 20 years of operation
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Figure 10. Average GHE fluid temperature during 20 years of
operation for higher thermally conductive loessial soils (based on
case 1)
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and cooling systems with geothermal systems consisting of 13
energy piles could significantly reduce energy consumption and the
size of associated infrastructure (electricity grid). The temperate
climate dominating in Córdoba presents ideal conditions for GSHP
systems, allowing thermal recharge of the ground between seasons
and thus maximizing the heating and cooling capacity that energy
piles can achieve; similar conditions apply to other parts of the
world. Results shows that the 13 energy piles embedded under
the residential case study building are capable of delivering
approximately 54% and 33% of the heating and cooling demand
of the building, respectively. The addition of 12 extra GHEs to
the GHE field allows satisfying 100% of the heating demand and
60% of the cooling demand. Consequently, additional savings are
achieved on the energy bills (running costs) and on the (smaller)
auxiliary systems still needed to cover the remaining 40% cooling
demand (capital costs). This case study shows the potential of
GSHP technology in a local environment dominated by loess and
gives some bases to geotechnical engineers to start considering the
technology in their designs and practices.

A parametric analysis of thermal conductivity of loessial soil
confirms that the higher thermal conductivity of the soil
significantly helps to reduce the number of GHEs in the system.
As the loessial soils around the world show thermal conductivities
varying between 0·1 and about 2W/(mK), numerical results
suggest that GSHP systems in loessial soils of higher thermal
conductivity (e.g. Europe and Asia) show a great potential to
economically satisfy conditioning of buildings and encourages
further application of this technology in loessial soils.
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