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a b s t r a c t

This work presents the results of a regional-scale estimation of low-enthalpy geothermal resources for
district heating in the Santiago basin. The purpose of this work is to identify promising areas for the
development of this type of renewable energy. The estimation was based on comparison of soil thermal
properties and hydrogeological parameters, using Geographic Information System (GIS). To determine
the geothermal potential, Ground Source Heat Exchanger (GSHE) coupled with heat pump was used to
supply a fixed demand equivalent to the energy required to heat a Chilean standard house. The main
barrier for the implementation of a GSHE coupled with heat pump is the well drilling cost, therefore the
potential is presented as meters to be drilled in order to install 2 types of GSHE: 1) Borehole Heat
Exchanger (BHE) and 2) Groundwater Heat Exchanger (GWHE). To assess the BHE, we used specific Heat
Extraction (sHE) of sediments. To evaluate a GWHE, we used depth of groundwater table and ground-
water drawdown caused by pumping water to the heat pump. The depth to be drilled ranges from 35 to
105 m in case of the BHE, while in case of the GWHE it ranges from 10 to 400 m.

© 2014 Elsevier Ltd. All rights reserved.
1. Introduction

The soil naturally stores atmospheric heat in addition to the heat
flow coming up towards the ground from the basement rock.
Because of the low thermal conductivity of the soil, temperature is
not subject to daily and seasonal atmosphere variations at mod-
erate depths, remaining almost constant throughout the year at
depths less than 15 m [e.g. Ref. [1]]. Thermal energy stored in the
ground can be extracted using a Ground Source Heat Exchanger
(GSHE) that uses the heat stored in ground and groundwater to
increases the efficiency of a heat pump that supplements the en-
ergy needed for heating or cooling a space [2].

GSHE coupled with heat pump is a widespread type of accli-
matization system, because it can be used for heating or cooling
and can be developed anywhere and anytime with a very low
environmental impact [3]. By 2010, GSHE coupled with a heat
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pump accounted for 68.3% and 47.2% of the worldwide capacity and
usage of direct uses of geothermal energy, respectively. The
installed capacity was 33,134 MWt and the annual energy usage
was 200,149 TJ/yr, with a capacity factor of 0.19 for heating [4].

In order to evaluate the favorability for installing GSHE coupled
with heat pump in Santiago basin for heating purposes, a number of
maps were prepared to identify promising areas for the develop-
ment of this type of acclimatization. Two different types of GSHE
were considered for this purpose, a closed system, hereafter called
Borehole Heat Exchanger (BHE), and an open system, hereafter
called Groundwater Heat Exchanger (GWHE). BHE is the most
common type of GSHE, which consist of a U-shape pipe, usually
made of high-density polyethylene, which are inserted in vertical
boreholes. A fluid, generally water or sometimes with antifreeze,
circulates through the pipe exchanging heat with the ground [2,3].
Depth of the BHE depends on thermal properties andwater content
of the soil and velocity of the groundwater flow. To heat a house
with a BHE, its depth generally ranges between tens to few hun-
dreds of meters [e.g. Refs. [5,6]]. GWHE is another common type of
GSHE, which consist of extracting groundwater to exchange heat
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between the groundwater and the heat pump. The extracted water
can be used or re-injected into the aquifer [2,3]. The depth of GWHE
depends on groundwater table depth, its variability with time and
the drawdown depth of the extraction well, which depends on the
pumping rate of groundwater. A case study with detailed evalua-
tion of a GWHE was presented by Ref. [7].

In Chile, use of GSHE coupled with a heat pump is very limited
due to the lack of information about the advantages offered by
these systems and their high initial cost due to drilling. High dril-
ling cost may be due to an oversized design of the GSHE, because
lack of reliable subsurface information.

The present work aims at finding the promising areas in the
Santiago basin for the implementation of direct use of low-enthalpy
geothermal energy for heating purposes, using stratigraphy and
groundwater data. It will finally delimitate those areas where direct
use of low-enthalpy geothermal energy could be an environment
friendly choice heating systems.
2. Study area and geological context

The study area is Santiago basin of the Metropolitan Region in
central Chile, which has more than 6.5 million inhabitants that
represent ca. 40% of Chilean population (XVIII Chilean Census,
2012). Santiago basin is located between the Main Andean Range
and Coastal Range (Fig. 1). According to [8], based on [9] classifi-
cation, climate of Santiago is Subtropical Tempered with Dry and
Warm Summer. The annual mean temperature is 13.6 �C ranging
from 0 �C in winter to 34 �C in summer [10]. The average annual
Fig. 1. Location and geological context of
rainfall is about 300mm per year, concentratedmainly fromMay to
August.

The Coastal Range (Cordillera de la Costa) is located west of the
Santiago basin and is composed mainly by Cretaceous volcanic
rocks and Jurassic to Cretaceous intrusive rocks [11e13]. Main An-
dean Range (Cordillera Principal) located east of Santiago basin
corresponds mainly to Eocene to Miocene volcanic rocks and
Miocene to Oligocene intrusive rocks [14,12,15,13].

The main active fault system in the basin is the reverse west
verging San Ram�on Fault System, which is responsible for the uplift
along its hanging wall, Main Andean Range, with respect to the
Santiago basin [16,17]. Close to the trace of this fault system, there
are warm springs, with discharge temperatures ranging from 20 to
30 �C (Fig. 1). In addition, there are also some faults in the center of
the basin interpreted as normal faults, which have been inverted
[18,19]. There are also normal faults oriented northeast and
northwest, in the Coastal Range [20,21].
3. Methodology

In order to find themost suitable areas for district heating by the
direct use of low-enthalpy geothermal energy, performance of a
Ground Source Heat Exchanger (GSHE) to supply a fixed energy
demand of 2.7 kW was assessed in the Santiago basin. This energy
demand (2.7 kW) is equivalent to the energy required to heat a
Chilean standard one-story house of 50e71 m2 with appropriate
thermal insulation [22]. Performance of GSHE depends on the soil
thermal properties and physical hydrogeological parameters that
the Santiago basin in Central Chile.
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have been used in a geodatabase to be managed and analyzed in a
Geographic Information System (GIS). A statistical analysis of the
database was performed with ordinary kriging of the geostatistical
module of ArcMap. The ordinary kriging algorithm was used,
because it optimizes the interpolation dividing the spatial variation
into three components: deterministic variation, spatially autocor-
relation and uncorrelated noise. In addition the ordinary kriging
algorithm give the best fit and generate a continuous surface with
the best fit in related estimations, as for example groundwater table
estimations [23].

This work considered just one borehole in the case of BHE and
two in the case of GWHE; however, for higher energy demand, it is
necessary to evaluate several boreholes and their distribution [e.g.
Ref. [24]]. Another consideration omitted in this work because of
the scale is the thermally affected zone, which depends of the
amount of heat exchanged and groundwater flow velocity [e.g. Refs.
[25,26]].

3.1. Database and context

3.1.1. Sedimentary infill
Santiago basin sedimentary infill was defined based on 785

groundwater borehole descriptions. Data sources were: i) 67
borehole descriptions by the Centre of Research, Development and
Innovation of Structures and Materials (IDIEM, Universidad de
Chile), ii) 56 reports compiled from Rural Drinking Water Services,
iii) 500 borehole descriptions from a Millennium Science Initiative
(Iniciativa Científica Milenio, ISCM) project on seismotectonics and
seismic hazard of the Universidad de Chile, and iv) 368 of borehole
Fig. 2. Santiago basin sedimentary infill d
with stratigraphic information from the Directorate General of
Water (Direcci�on General de Aguas, DGA). The borehole de-
scriptions were complemented with morphological features
(Fig. 2). The sedimentary facies are mainly alluvial and fluvial, but
there are also colluvial and lacustrine facies of lesser areal exten-
sion and poorly consolidated volcanic pyroclastic sediments of
Pleistocene age [12,13].

In the central and southern portions of the basin, there are al-
luvial fans, which correspond to high-energy depositional envi-
ronments. These alluvial fans originated in the Main Andean Range
and exhibit a decreasing grain-size trend towards west. In the
northern and southwestern parts of the basin, there are relatively
lower-energy alluvial fans. The main difference between these al-
luvial fans is the fine sediment content of the matrix.

Close to Mapocho and Maipo riverbeds there are fluvial de-
posits, with depositional energy decreasing westward. In the basin
margins, there are colluvial and debris flows deposits at the foot-
hills. There are lacustrine deposits located in the northwestern and
southwestern zones of the basin. Finally, pyroclastic ash and
pumice deposits, which could be reworked in some cases outcrop
in the western and southwestern parts of the basin [12,13].

3.1.2. Static level of groundwater and piezometric elevation
The groundwater table was determined interpolating more than

2000 control points with the information for the last 5 decades,
using a circular model, with anisotropy of ordinary kriging inter-
polation tool with the Geostatistical tool of ArcMap. Root-mean-
square (RMS) deviation for the interpolated surface respect to
control points was 10 m. Based on the lower RMS, considering a
istribution (Modified of [17,27e29]).



Table 1
Typical values of specific heat extraction for sediments [36].

Soil type Specific heat
extraction (Watt/m)

Gravel, sand, dry <20
Gravel, sand, water saturated 55e56
Gravel, sand, with strong groundwater flow 80e100
Clay, Silt, mud 30e40
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database ranging the last 5 decades, we propose that these little
changes are due to the following: a)Water supply to Santiago city is
mainly the Andean rivers, and b) the agricultural development is
moderate in the region, and also in this case, the main source of
water are the river, lakes and ponds. Data sources are the following:
a) 31 control points from the work of [30], b) 277 reports available
in the Directorate General of Water (Direcci�on General de Aguas,
DGA), c) 1521 control points from the work of [31] on Maipo and
Mapocho rivers basins, d) 103 control points of the DGA hydro-
meteorological and water quality monitoring net, and e) 69 static
levels measured during this work. To consider the effect of low
recharge and maximum extraction of groundwater in the aquifer,
the maximum static level depth for each control point was
considered. Piezometric elevations were estimated by subtracting
the static level by the topographic elevation.
Fig. 3. Drilling depth required to supply an energy dem
3.1.3. Velocity of groundwater flow
The groundwater velocity was calculated from Darcy0s Law as

follows,

VDarcy ¼ l$i (1)

Here l is hydraulic conductivity and i is hydraulic gradient.
Hydraulic conductivity values were obtained from Ref. [32],
whereas hydraulic gradient was estimated as the slope of the
piezometric elevation surface.

3.1.4. Groundwater temperature
Considering a heat pump operating at maximum theoretical

efficiency for heating purposes (i.e., Carnot Cycle), the coefficient of
performance (COP) can be expressed as [33].

COPmax ¼ qh
qh � qc

(2)

The efficiency of a heat pump depends on several factors,
especially the difference between the output temperature of the
heat pump (hot temperature qh) and input temperature (cold
aquifer temperature qc). Although the maximal theoretical effi-
ciency is not achievable by real systems, it can be used as an indi-
cator of efficiency. From the equation (2), it can be deduced that for
a fixed hot temperature qh , the input temperature qc will determine
and of 2.7 kW, using a BHE in the Santiago basin.
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the efficiency of the system. Higher qc implicate better heat pump
performance.

Several studies indicate that higher input temperatures will
increase the efficiency of the heat pump on heating mode [e.g. Ref.
[34,35]]. For this reason, a groundwater temperature distribution
map can be a qualitative indicator of the efficiency of the GSHE
coupled with a heat pump. Precisely, the zones with higher
groundwater temperatures will have better performance than
those with lower groundwater temperatures.

Groundwater temperature was measured in boreholes, and
thermal springs. In places where we could deploy a thermometer
into the well, the temperature was measured inside the wells.
3.2. Ground Source Heat Exchanger (GSHE)

In order to assess the meters to be drilled for heating a building
with a BHEwe used themethodology proposed by Ref. [5], based on
specific Heat Extraction (sHE) of different types of sediments. This
methodology was applied for each borehole with stratigraphic in-
formation dividing the well stratigraphy in a dry upper unit and a
saturated lower unit. The assessment of the meters to be drilled for
heating a building with a GWHE is proposed by this work based on
Fig. 4. Static level depth i
the depth of the groundwater table and the expected drawdown for
the pumping well.
3.2.1. Borehole Heat Exchanger (BHE)
BHE consists of a borehole with a U-shape pipe inside, in which a

fluid circulates, exchanging heat with the ground. This heat exchange
depends on thermal properties of soil, its water content and ground-
water velocity. The energy that can be exchanged per meter by a BHE
was defined by Ref. [5] as the specific Heat Extraction (sHE) in units of
Watts permeter (W/m). The sHE valueswere defined according to the
[36] (Table 1), whose values are based on 2400 operating hours [5].
The Santiago basin borehole descriptions were reeclassified accord-
ing to [36] soil type to apply these sHE values consistently.

As the sHE is variable in each layer and is strongly dependent of
water content and its velocity, for each borehole where strati-
graphic information, an upper specific Heat Extraction for dry
sediments (sHEd) and a lower saturated specific Heat Extraction for
saturated sediments (sHES) were determined as follows.

sHEd ¼
1

Thd

Xk
i¼1

ðsHEi$ThiÞ if
X

Thi<groundwater table (3)
n the Santiago basin.
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sHEs ¼ 1 Xn
ðsHEi$ThiÞ if

X
Thi � groundwater table
Ths i¼kþ1

(4)

Here Thd and Ths are dry and saturated thickness respectively,
sHEi is the specific Heat Extraction of the layer i, Thi is the specific
Heat Extraction of the layer i and k is the layer just above static level
depth. Then the meters to be drilled for a BHE implementation in
each borehole with sedimentary information is calculated as
follows.

Th ¼ P
sHEd

if not neccesary to reach saturated layers (5)
Th ¼ Thd þ
P � ðsHEd$ThdÞ

sHEs
if is neccesary to reach saturated layers (6)
Here Th corresponds to the meters to be drilled to supply a fixed
energy demand (P) and Thd is dry thickness in equation (6).
Fig. 5. Estimation of drawdown by pumping rate of
3.2.2. Groundwater Heat Exchanger (GWHE)
Operation of a GWHE consists of extracting groundwater to

exchange heat between the extracted groundwater in the heat
pump. Afterward the water is re-injected into the aquifer. To assess
the depth in meters to be drilled in order to heat a building with a
GWHE, the following factors were considered: 1) depth of the static
levels twice, one for extraction well and the other for the reinjec-
tion well, and 2) drawdown depth caused by pumping of water.
Then the depth in meters to be drilled for the implementation of a
GWHE was calculated as follows.

GWHEDepth ¼ 2$ðstatic level depthÞ
þ groundwater drawdown (7)

Drawdown depends mainly on the pumping rate and hy-
draulic properties of the porous media. An approach derived by
Ref. [37] from the Logan equation, for the drawdown is calculated
as follows,
groundwater to supply 2.7 kW with a GWHE.
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T ¼ 2$
Q
Sw

(8)
In the above equation T is transmissivity (m2/s), Q is pumping
rate (m3/s) and Sw is the drawdown (m). Although this equation is
valid for a confined aquifer, it could be used in the case of an un-
confined thick aquifer as in Santiago sedimentary basin [38]. As
hydraulic conductivity is transmissivity per saturated thickness,
equation (8) could be rewritten as follows.

Sw ¼ 2$
Q

l$be
(9)

Here l is hydraulic conductivity (m/s) and be is saturated
thickness (m). Considering saturated thickness is the maximum
drawdown as an approximation, equation (9) could be rewritten as
follows,

Sw ¼
ffiffiffiffiffiffiffi
2Q
l

r
(10)

The pumping rate required to meet the energy demand using
GWHE depends on the energy demand, physical properties of water
and the difference between the inlet and outlet groundwater
temperatures in the heat pump.
Fig. 6. Drilling depth required to supply the energy demand of 2.7 kW,
Q ¼ P
r c DT

(11)

P

In the above equation Q is pumping rate (m3/s), P is the energy
demand (J/s), r is water density (kg/m3), cP is the specific heat ca-
pacity of water at constant pressure (J/kgK) and DT is the difference
between the inlet and outlet groundwater temperatures (�C).
4. Results

4.1. Depth to be drilled for the implementation of a BHE

The depth to be drilled to supply a fixed energy demand of
2.7 kW (energy required for heating a Chilean standard house as
described earlier) with a BHE, was estimated for each borehole,
where stratigraphic information was available. A continuous sur-
face using these results was estimated by interpolation using the
ordinary krigingmethod with the geostatistical tool of ArcMap. The
best estimation was considering a circular model with anisotropy
that provided less than 5 m of estimated error (Fig. 3).

The drilling depths are in the range between 35 and 105 m, with
an average value of 58 m. The southwestern sector of the basin is
themost favorable part, where it is necessary to drill less than 50m,
using a GWHE in the Santiago basin. The depth scale is not lineal.
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whereas the central eastern area of the basin is less favorable,
where it is necessary to drill more than 80 m.

The main factors which control the favorability for the imple-
mentation of a BHE are the static level depth and groundwater flow
velocity. The velocity of groundwater flow is highly dependent on
the hydraulic conductivity, which in Santiago basin sedimentary
infill is higher for fluvial and alluvial facies which are high-energy
depositional environment.

There are areas where despite having a shallow static level are
not part of the most favorable areas for the development of BHE,
because of the low hydraulic conductivity. These areas correspond
to low-energy alluvial fans, lacustrine, and pyroclastic deposits.
4.2. Depth to be drilled for the implementation of a GWHE

The depth to be drilled to supply a fixed energy demand of
2.7 kW (energy required for heating a Chilean standard house as
described earlier) with a GWHE was also estimated based on static
level depth and groundwater drawdown. Because of the static level
depth variation through time, the maximum value was considered
in each control point. A continuous surface which represents static
level depth was estimated by interpolation using ordinary kriging,
considering a circular model with anisotropy with the geostatistical
tool of ArcMap (Fig. 4).
Fig. 7. Groundwater temperature d
For the estimation of the groundwater drawdown, required
pumping rate to meet the energy demand is necessary. This
pumping rate was estimated for each control point that reaches the
static level depth according to equation (11). The parameters
required were energy demand of 2.7 kW, water density 1000 kg/m3

and specific heat capacity of water at constant pressure of 4.183 J/
kgK at 20 �C. Because of the low-energy demand, and therefore low
caudal expected for heating a Chilean standard house [22], the
difference between the inlet and outlet groundwater temperatures
in the heat pump was not considered as a driving factor and it was
assumed equal to 5 �C. In case of a higher energy demand this
temperature difference should be evaluated in detail in the design
stage.

Drawdown was estimated based on equation (10). Hydraulic
conductivity values used for the estimation are from Ref. [32] and it
was assigned according to the type of sediment just below the static
level. Because hydraulic conductivity is extremely variable and
higher drawdown in fine-grained sediments, the layers composed
of fine-grain sediments were considered only when thickness was
greater than 10 m. As variations in hydraulic conductivity are in
orders of magnitude, the estimated drawdown has a bimodal dis-
tribution composed of coarse-grained sediments and fine-grained
sediments. Based on this bimodal distribution two surfaces were
created, one considering only coarse-grained sediments, which
produces lower drawdown values and another for fine-grained
istribution in Santiago basin.
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sediments, which produce higher drawdown values (Fig. 5). The
drawdown surface was according to the basins sedimentary infill
distribution (Fig. 2).

Finally the depth to be drilled to supply a fixed energy demand
of 2.7 kW with a GWHE, was estimated for each borehole with
stratigraphic information which reaches the groundwater accord-
ing to equation (7). A continuous surface using these results was
drawn by interpolating individual estimations, using a circular
model with anisotropy of the ordinary kriging interpolation tool in
the Geostatistical module of ArcMap (Fig. 6).

The depth to be drilled ranges from 5 to 400 m, with an average
value of 68 m. The most favorable areas for the development of
GSHE are the northern, western and southern part of the basin,
where the drilling depth is less than 30 m. Higher drawdown
produces less favorability in areas with fine-grain sediments. In
case of an energy demand higher than the required for heating a
Chilean standard house, a detailed evaluation of drawdown in the
pumping well of the GWHE must be necessary, especially in those
places where the sedimentary infill is composed of poor hydraulic
conductivity sediments.

5. Discussion

Asmentioned in the Section 3.1.4, the groundwater temperature
distribution can be used as qualitative indicator of the GSHE per-
formance for heating purposes. For Santiago basin, the distribution
of groundwater temperature was estimated by interpolating 82
temperature measurements in the drinking water wells and 5
temperature measurements in thermal springs located at the
eastern edge of the Santiago basin. The datawere determined using
a circular model with anisotropy of ordinary kriging interpolation
tool in the geostatistical module of ArcMap (Fig. 7). Groundwater
temperature ranges between 13.8 to 19.0 �C for the drinking water
wells and from 20.0 to 31.8 �C for thermal springs. The average
groundwater temperature for the basin is 17.4 �C.

As shown in Fig. 7, higher groundwater temperatures areas
(yellow (in the web version)) will have better performance of GSHE
compared with lower temperatures zones (blue (in the web
version)). Those areas next to natural thermal springs (red (in the
web version) dots) are the best places in terms of performance of
Groundwater Heat Exchangers, because groundwater reaches the
surface naturally and its temperature ranges between 20 to 31.8 �C,
which increase the efficiency of the GSHE for heating purposes.

6. Conclusion

This work presents a regional evaluation of a GSHE as an alter-
native for heating a standard Chilean house using geological and
hydrological parameters. It is expected thatmapped favorable areas
will be promising for heating bigger buildings or other direct usages
of low-enthalpy geothermal energy.

The depth to be drilled in case of the BHE ranges from 35 to
105mwith an average of 58m. In case of the GWHE, the depth to be
drilled ranges between 10 and 400 m, with an average value of
68 m. Considering the most favorable areas for development of
GSHE for heating a house, the suitable areas for GWHE are the
better than those for BHE. GWHE is preferred in case of shallow
groundwater table, and BHE is preferred in case of deep ground-
water table.

The main factor, which controls the favorability of GSHE in
Santiago basin, is the static level depth. For BHE the depth of static
level is important because of the higher thermal conductivity of
saturated sediments. In the case of GWHE, the groundwater is the
heat source. For these reasons, zones with shallow groundwater
levels are favorable for the installation of both types of systems.
Another important factor is the hydraulic conductivity of saturated
layers, because in the case of BHE, it improves the efficiency of the
thermal heat exchanges due to groundwater flow and in the case of
GWHE, it reduces the drawdown magnitude.

The variation of the depth in meters to be drilled for the
installation of a BHE is less than those for the installation of a
GWHE, because in the case of GWHE, it is necessary to reach the
static level depth, which is highly variable in Santiago basin.

Thermal springs are favorable areas for heating purposes,
because the groundwater reaches the surface naturally with tem-
perature ranges between 20 to 31.8 �C, which increase the effi-
ciency of heat pumps.

Acknowledgments

This work has been supported by the FONDAP/CONICYT Project
number 15090013 (Centro de Excelencia en Geotermia de los
Andes, CEGA), Departamento de Geología, FCFM, Universidad de
Chile, and Divisi�on Energías Renovables, Ministerio de Energía,
Chilean Government. The authors would especially like to thank to
Dr. Mohammad Ayaz Alam and Dr. Gregory De Pascale for their
interesting comments.

References

[1] Chow T, Long H, Mok H, Li K. Estimation of soil temperature profile in hong
kong from climatic variables. Energy Build 2011;43:3568e75.

[2] Florides G, Kalogirou S. Ground heat exchangers - a review of systems, models
and applications. Renew Energy 2007;32:2461e78.

[3] Omer AM. Ground-source heat pumps systems and applications. Renew
Sustain Energy Rev 2008;12:344e71.

[4] Lund JW, Freeston DH, Boyd TL. Direct utilization of geothermal energy 2010
worldwide review. Geothermics 2011;40:159e80.

[5] Ondreka J, Rsgen MI, Stober I, Czurda K. Gis-supported mapping of shallow
geothermal potential of representative areas in south-western Germany e

possibilities and limitations. Renew Energy 2007;3:2186e200.
[6] Gemelli A, Mancini A, Longhi S. Gis-based energy e economic model of low

temperature geothermal resources: a case study in the Italian Marche region.
Renew Energy 2011;36:2474e83.

[7] Russo SL, Civita MV. Open-loop groundwater heat pumps development for
large buildings: a case study. Geothermics 2009;38:335e45.

[8] Peel MC, Finlayson BL, McMahon TA. Updated world map of the k€oppen-
geiger climate classification. Hydrol Earth Syst Sci 2007:439e73. Discussion 4.

[9] K€oppen WP. Klassifikation der klimate nach temperatur, niederschlag und
jahreslauf. Petermanns Geogr Mittl 1918;64:243e8.

[10] Santib�a~nez F, Uribe J. Atlas agroclim�atico de Chile: regiones V y Metropolitana.
Santiago, Chile: Facultad de Ciencias Agron�omicas, Universidad de Chile;
1990.

[11] Gana P, Wall R, Guti�errez A. Mapa Geol�ogico del �area de Valparaíso e Cura-
caví, Regi�on de Valparaíso y Regi�on Metropolitana. Santiago, Chile: Servicio
Nacional de Geología y Minería; 1996. 1 map, scale 1:100,000.

[12] Wall R, Sell�es D, Gana P. Area Tiltil e Santiago, Regi�on Metropolitana. San-
tiago, Chile: Servicio Nacional de Geología y Minería; 1999. 1 map scale 1:
100,000.

[13] Sell�es D, Gana P. Geologia del �area Talagante e San Francisco de Mostazal:
regiones Metropolitana de Santiago y del Libertador General Bernardo
O'Higgins. Santiago, Chile: Servicio Nacional de Geología y Minería; 2001. 1
map, scale 1:100,000.

[14] Thiele R. Hoja Santiago: Regi�on Metropolitana: carta geol�ogica de Chile.
Santiago, Chile: Instituto de Investigaciones Geol�ogicas, Chile; 1980.

[15] Sell�es D. La relaci�on discordante entre las Formaciones Abanico y Las Chilcas
en la localidad de Angostura: implicancias regionales. In: Congreso Geologico
Chilenovol. 9; 2000. p. 555e8.

[16] Armijo R, Rauld R, Thiele R, Vargas G, Campos J, Lacassin R, et al. The west
andean thrust, the san ram�on fault, and the seismic hazard for santiago, Chile.
Tectonics 2010;29 [n/aen/a].

[17] Rauld R. An�alisis morfoestructural del frente cordillerano Santiago oriente
entre el río Mapocho y Quebrada de Macul. Ph.D. thesis. Santiago, Chile:
Departamento de Geología, Universidad de Chile; 2011. p. 139.

[18] Sell�es D. La Formaci�on Abanico en el Cuadr�angulo Santiago
(33�150e33�300S;70�450e70�450O) Chile central: Estratigrafía y geoquímica.
Master's thesis. Santiago, Chile: Departamento de Geología, Universidad de
Chile; 1999. p. 154.

[19] Fock A, Charrier R, Farías M, Mu~noz M. Fallas de vergencia oeste en la
Cordillera Principal de Chile Central: inversi�on de la cuenca de Abanico (33-34
s). Special Publication Rev de la Asociaci�on Geol�ogica Argentina 2006;6:
48e55.

http://refhub.elsevier.com/S0960-1481(14)00734-4/sref1
http://refhub.elsevier.com/S0960-1481(14)00734-4/sref1
http://refhub.elsevier.com/S0960-1481(14)00734-4/sref1
http://refhub.elsevier.com/S0960-1481(14)00734-4/sref2
http://refhub.elsevier.com/S0960-1481(14)00734-4/sref2
http://refhub.elsevier.com/S0960-1481(14)00734-4/sref2
http://refhub.elsevier.com/S0960-1481(14)00734-4/sref3
http://refhub.elsevier.com/S0960-1481(14)00734-4/sref3
http://refhub.elsevier.com/S0960-1481(14)00734-4/sref3
http://refhub.elsevier.com/S0960-1481(14)00734-4/sref4
http://refhub.elsevier.com/S0960-1481(14)00734-4/sref4
http://refhub.elsevier.com/S0960-1481(14)00734-4/sref4
http://refhub.elsevier.com/S0960-1481(14)00734-4/sref5
http://refhub.elsevier.com/S0960-1481(14)00734-4/sref5
http://refhub.elsevier.com/S0960-1481(14)00734-4/sref5
http://refhub.elsevier.com/S0960-1481(14)00734-4/sref5
http://refhub.elsevier.com/S0960-1481(14)00734-4/sref6
http://refhub.elsevier.com/S0960-1481(14)00734-4/sref6
http://refhub.elsevier.com/S0960-1481(14)00734-4/sref6
http://refhub.elsevier.com/S0960-1481(14)00734-4/sref6
http://refhub.elsevier.com/S0960-1481(14)00734-4/sref6
http://refhub.elsevier.com/S0960-1481(14)00734-4/sref7
http://refhub.elsevier.com/S0960-1481(14)00734-4/sref7
http://refhub.elsevier.com/S0960-1481(14)00734-4/sref7
http://refhub.elsevier.com/S0960-1481(14)00734-4/sref8
http://refhub.elsevier.com/S0960-1481(14)00734-4/sref8
http://refhub.elsevier.com/S0960-1481(14)00734-4/sref8
http://refhub.elsevier.com/S0960-1481(14)00734-4/sref8
http://refhub.elsevier.com/S0960-1481(14)00734-4/sref9
http://refhub.elsevier.com/S0960-1481(14)00734-4/sref9
http://refhub.elsevier.com/S0960-1481(14)00734-4/sref9
http://refhub.elsevier.com/S0960-1481(14)00734-4/sref9
http://refhub.elsevier.com/S0960-1481(14)00734-4/sref10
http://refhub.elsevier.com/S0960-1481(14)00734-4/sref10
http://refhub.elsevier.com/S0960-1481(14)00734-4/sref10
http://refhub.elsevier.com/S0960-1481(14)00734-4/sref10
http://refhub.elsevier.com/S0960-1481(14)00734-4/sref10
http://refhub.elsevier.com/S0960-1481(14)00734-4/sref10
http://refhub.elsevier.com/S0960-1481(14)00734-4/sref11
http://refhub.elsevier.com/S0960-1481(14)00734-4/sref11
http://refhub.elsevier.com/S0960-1481(14)00734-4/sref11
http://refhub.elsevier.com/S0960-1481(14)00734-4/sref11
http://refhub.elsevier.com/S0960-1481(14)00734-4/sref11
http://refhub.elsevier.com/S0960-1481(14)00734-4/sref11
http://refhub.elsevier.com/S0960-1481(14)00734-4/sref11
http://refhub.elsevier.com/S0960-1481(14)00734-4/sref11
http://refhub.elsevier.com/S0960-1481(14)00734-4/sref11
http://refhub.elsevier.com/S0960-1481(14)00734-4/sref12
http://refhub.elsevier.com/S0960-1481(14)00734-4/sref12
http://refhub.elsevier.com/S0960-1481(14)00734-4/sref12
http://refhub.elsevier.com/S0960-1481(14)00734-4/sref12
http://refhub.elsevier.com/S0960-1481(14)00734-4/sref12
http://refhub.elsevier.com/S0960-1481(14)00734-4/sref12
http://refhub.elsevier.com/S0960-1481(14)00734-4/sref13
http://refhub.elsevier.com/S0960-1481(14)00734-4/sref13
http://refhub.elsevier.com/S0960-1481(14)00734-4/sref13
http://refhub.elsevier.com/S0960-1481(14)00734-4/sref13
http://refhub.elsevier.com/S0960-1481(14)00734-4/sref13
http://refhub.elsevier.com/S0960-1481(14)00734-4/sref13
http://refhub.elsevier.com/S0960-1481(14)00734-4/sref13
http://refhub.elsevier.com/S0960-1481(14)00734-4/sref14
http://refhub.elsevier.com/S0960-1481(14)00734-4/sref14
http://refhub.elsevier.com/S0960-1481(14)00734-4/sref14
http://refhub.elsevier.com/S0960-1481(14)00734-4/sref14
http://refhub.elsevier.com/S0960-1481(14)00734-4/sref14
http://refhub.elsevier.com/S0960-1481(14)00734-4/sref15
http://refhub.elsevier.com/S0960-1481(14)00734-4/sref15
http://refhub.elsevier.com/S0960-1481(14)00734-4/sref15
http://refhub.elsevier.com/S0960-1481(14)00734-4/sref15
http://refhub.elsevier.com/S0960-1481(14)00734-4/sref15
http://refhub.elsevier.com/S0960-1481(14)00734-4/sref15
http://refhub.elsevier.com/S0960-1481(14)00734-4/sref16
http://refhub.elsevier.com/S0960-1481(14)00734-4/sref16
http://refhub.elsevier.com/S0960-1481(14)00734-4/sref16
http://refhub.elsevier.com/S0960-1481(14)00734-4/sref16
http://refhub.elsevier.com/S0960-1481(14)00734-4/sref16
http://refhub.elsevier.com/S0960-1481(14)00734-4/sref17
http://refhub.elsevier.com/S0960-1481(14)00734-4/sref17
http://refhub.elsevier.com/S0960-1481(14)00734-4/sref17
http://refhub.elsevier.com/S0960-1481(14)00734-4/sref17
http://refhub.elsevier.com/S0960-1481(14)00734-4/sref18
http://refhub.elsevier.com/S0960-1481(14)00734-4/sref18
http://refhub.elsevier.com/S0960-1481(14)00734-4/sref18
http://refhub.elsevier.com/S0960-1481(14)00734-4/sref18
http://refhub.elsevier.com/S0960-1481(14)00734-4/sref18
http://refhub.elsevier.com/S0960-1481(14)00734-4/sref18
http://refhub.elsevier.com/S0960-1481(14)00734-4/sref18
http://refhub.elsevier.com/S0960-1481(14)00734-4/sref18
http://refhub.elsevier.com/S0960-1481(14)00734-4/sref18
http://refhub.elsevier.com/S0960-1481(14)00734-4/sref18
http://refhub.elsevier.com/S0960-1481(14)00734-4/sref18
http://refhub.elsevier.com/S0960-1481(14)00734-4/sref18
http://refhub.elsevier.com/S0960-1481(14)00734-4/sref18
http://refhub.elsevier.com/S0960-1481(14)00734-4/sref18
http://refhub.elsevier.com/S0960-1481(14)00734-4/sref18
http://refhub.elsevier.com/S0960-1481(14)00734-4/sref19
http://refhub.elsevier.com/S0960-1481(14)00734-4/sref19
http://refhub.elsevier.com/S0960-1481(14)00734-4/sref19
http://refhub.elsevier.com/S0960-1481(14)00734-4/sref19
http://refhub.elsevier.com/S0960-1481(14)00734-4/sref19
http://refhub.elsevier.com/S0960-1481(14)00734-4/sref19
http://refhub.elsevier.com/S0960-1481(14)00734-4/sref19
http://refhub.elsevier.com/S0960-1481(14)00734-4/sref19
http://refhub.elsevier.com/S0960-1481(14)00734-4/sref19


M. Mu~noz et al. / Renewable Energy 76 (2015) 186e195 195
[20] Wall R, Gana P, Guti�errez A. Mapa geol�ogico del �area de San Antonio e

Melipilla, regiones de Valparaíso, Metropolitana y del Libertador General
Bernardo O'Higgins. Santiago, Chile: Servicio Nacional de Geología y Minería;
1996. p. 20. 1 map scale 1:100,000.

[21] Y�a~nez GA, Gana P, Fern�andez R. Origen y significado geol�ogico de la Anomalía
Melipilla, Chile central. Rev Geol�ogica Chile 1998;25:175e98.

[22] Romero N. Consumo de energía a nivel residencial en Chile y an�alisis de efi-
ciencia energ�etica en calefacci�on. Bachelor thesis. Departamento de Ingeniería
Cívil, Universidad de Chile; 2011. p. 162.

[23] Yao L, Huo Z, Feng S, Mao X, Kang S, Chen J, et al. Evaluation of spatial
interpolation methods for groundwater level in an arid inland oasis, north-
west China. Environ Earth Sci 2014;71:1911e24.

[24] Fujii H, Itoi R, Fujii J, Uchida Y. Optimizing the design of large-scale ground-
coupled heat pump systems using groundwater and heat transport modeling.
Geothermics 2005;34:347e64.

[25] Angelotti A, Alberti L, Licata IL, Antelmi M. Energy performance and thermal
impact of a borehole heat exchanger in a sandy aquifer: influence of the
groundwater velocity. Energy Convers Manag 2014;77:700e8.

[26] Russo SL, Gnavi L, Roccia E, Taddia G, Verda V. Groundwater heat pump
(gwhp) system modeling and thermal affected zone (taz) prediction reli-
ability: influence of temporal variations in flow discharge and injection
temperature. Geothermics 2014;51:103e12.

[27] Brantt C. Microzonificaci�on sísmica del sector sur poniente de Santiago,
comunas Buin y Paine. Bachelor thesis. Departamento de Geología, Uni-
versidad de Chile; 2011. p. 148.

[28] G�alvez C. Microzonificaci�on sísmica en los sectores de Lampa y Batuco, Regi�on
Metropolitana. Bachelor thesis. Departamento de Geología, Universidad de
Chile; 2012. p. 190.
[29] Leyton F, Sepúlveda S, Astroza M, Rebolledo S, Gonz�alez L, Ruiz S, et al.
Zonificaci�on sísmica de la Cuenca de Santiago, Chile. In: Jornadas X, editor.
Congreso Chileno de Sismología e Ingeniería Antisísmica; 2010. p. 22e7.

[30] Falc�on E, Castillo O, Valenzuela M. Hidrogeología de la cuenca de Santiago.
Santiago, Chile: Contribuci�on de Chile al Decenio Hidrol�ogico Internacional,
Instituto de Investigaciones Geol�ogicas; 1970. p. 51. 21 mapas.

[31] Ayala, Cabrera, A. I. C. Ltda. Modelo de simulaci�on hidrol�ogico operacional
cuencas de los ríos Maipo y Mapocho, Santiago, vol. 8. Santiago, Chile: Min-
isterio De Obras Públicas, Direcci�on General de Aguas, MOPeDGA; 2000. SIT
N62.

[32] Custodio E, Llamas M. 2350p. Hidrologia subterr�anea. Barcelona: Omega;
1983.

[33] Heap RD. Heat pumps. New York, U.S.A: London, E. & FN Spon, Ltd.; 1979.
[34] Sanner B, Karytsas C, Mendrinos D, Rybach L. Current status of ground source

heat pumps and underground thermal energy storage in Europe. Geothermics
2003;32:579e88. Selected Papers from the European Geothermal Conference
2003.

[35] Florides G, Pouloupatis P, Kalogirou S, Messaritis V, Panayides I, Zomeni Z,
et al. The geothermal characteristics of the ground and the potential of using
ground coupled heat pumps in Cyprus. Energy 2011;36:5027e36.

[36] Richtlinie 4640 V. Thermische Nutzung des Untergrundes - Blatt 2: Erd-
gekoppelte w€armepumpenanlagen. Verein Deutscher Ingenieure. Berlin:
Beuth Verlag; 2001.

[37] Misstear B, Banks D, Clark L. Water wells and boreholes. John Wiley & Sons;
2006. http://books.google.cl/books?id¼GBlSAAAAMAAJ.

[38] Morales F. Definici�on de Acuíferos en la cuenca del río Maipo. Bachelor thesis.
Departamento de Geología, Universidad de Chile; 2002. p. 113.

http://refhub.elsevier.com/S0960-1481(14)00734-4/sref20
http://refhub.elsevier.com/S0960-1481(14)00734-4/sref20
http://refhub.elsevier.com/S0960-1481(14)00734-4/sref20
http://refhub.elsevier.com/S0960-1481(14)00734-4/sref20
http://refhub.elsevier.com/S0960-1481(14)00734-4/sref20
http://refhub.elsevier.com/S0960-1481(14)00734-4/sref20
http://refhub.elsevier.com/S0960-1481(14)00734-4/sref20
http://refhub.elsevier.com/S0960-1481(14)00734-4/sref21
http://refhub.elsevier.com/S0960-1481(14)00734-4/sref21
http://refhub.elsevier.com/S0960-1481(14)00734-4/sref21
http://refhub.elsevier.com/S0960-1481(14)00734-4/sref21
http://refhub.elsevier.com/S0960-1481(14)00734-4/sref21
http://refhub.elsevier.com/S0960-1481(14)00734-4/sref21
http://refhub.elsevier.com/S0960-1481(14)00734-4/sref21
http://refhub.elsevier.com/S0960-1481(14)00734-4/sref22
http://refhub.elsevier.com/S0960-1481(14)00734-4/sref22
http://refhub.elsevier.com/S0960-1481(14)00734-4/sref22
http://refhub.elsevier.com/S0960-1481(14)00734-4/sref22
http://refhub.elsevier.com/S0960-1481(14)00734-4/sref22
http://refhub.elsevier.com/S0960-1481(14)00734-4/sref22
http://refhub.elsevier.com/S0960-1481(14)00734-4/sref23
http://refhub.elsevier.com/S0960-1481(14)00734-4/sref23
http://refhub.elsevier.com/S0960-1481(14)00734-4/sref23
http://refhub.elsevier.com/S0960-1481(14)00734-4/sref23
http://refhub.elsevier.com/S0960-1481(14)00734-4/sref24
http://refhub.elsevier.com/S0960-1481(14)00734-4/sref24
http://refhub.elsevier.com/S0960-1481(14)00734-4/sref24
http://refhub.elsevier.com/S0960-1481(14)00734-4/sref24
http://refhub.elsevier.com/S0960-1481(14)00734-4/sref25
http://refhub.elsevier.com/S0960-1481(14)00734-4/sref25
http://refhub.elsevier.com/S0960-1481(14)00734-4/sref25
http://refhub.elsevier.com/S0960-1481(14)00734-4/sref25
http://refhub.elsevier.com/S0960-1481(14)00734-4/sref26
http://refhub.elsevier.com/S0960-1481(14)00734-4/sref26
http://refhub.elsevier.com/S0960-1481(14)00734-4/sref26
http://refhub.elsevier.com/S0960-1481(14)00734-4/sref26
http://refhub.elsevier.com/S0960-1481(14)00734-4/sref26
http://refhub.elsevier.com/S0960-1481(14)00734-4/sref27
http://refhub.elsevier.com/S0960-1481(14)00734-4/sref27
http://refhub.elsevier.com/S0960-1481(14)00734-4/sref27
http://refhub.elsevier.com/S0960-1481(14)00734-4/sref27
http://refhub.elsevier.com/S0960-1481(14)00734-4/sref28
http://refhub.elsevier.com/S0960-1481(14)00734-4/sref28
http://refhub.elsevier.com/S0960-1481(14)00734-4/sref28
http://refhub.elsevier.com/S0960-1481(14)00734-4/sref28
http://refhub.elsevier.com/S0960-1481(14)00734-4/sref28
http://refhub.elsevier.com/S0960-1481(14)00734-4/sref28
http://refhub.elsevier.com/S0960-1481(14)00734-4/sref29
http://refhub.elsevier.com/S0960-1481(14)00734-4/sref29
http://refhub.elsevier.com/S0960-1481(14)00734-4/sref29
http://refhub.elsevier.com/S0960-1481(14)00734-4/sref29
http://refhub.elsevier.com/S0960-1481(14)00734-4/sref29
http://refhub.elsevier.com/S0960-1481(14)00734-4/sref29
http://refhub.elsevier.com/S0960-1481(14)00734-4/sref30
http://refhub.elsevier.com/S0960-1481(14)00734-4/sref30
http://refhub.elsevier.com/S0960-1481(14)00734-4/sref30
http://refhub.elsevier.com/S0960-1481(14)00734-4/sref30
http://refhub.elsevier.com/S0960-1481(14)00734-4/sref30
http://refhub.elsevier.com/S0960-1481(14)00734-4/sref30
http://refhub.elsevier.com/S0960-1481(14)00734-4/sref30
http://refhub.elsevier.com/S0960-1481(14)00734-4/sref31
http://refhub.elsevier.com/S0960-1481(14)00734-4/sref31
http://refhub.elsevier.com/S0960-1481(14)00734-4/sref31
http://refhub.elsevier.com/S0960-1481(14)00734-4/sref31
http://refhub.elsevier.com/S0960-1481(14)00734-4/sref31
http://refhub.elsevier.com/S0960-1481(14)00734-4/sref31
http://refhub.elsevier.com/S0960-1481(14)00734-4/sref31
http://refhub.elsevier.com/S0960-1481(14)00734-4/sref31
http://refhub.elsevier.com/S0960-1481(14)00734-4/sref32
http://refhub.elsevier.com/S0960-1481(14)00734-4/sref32
http://refhub.elsevier.com/S0960-1481(14)00734-4/sref32
http://refhub.elsevier.com/S0960-1481(14)00734-4/sref33
http://refhub.elsevier.com/S0960-1481(14)00734-4/sref33
http://refhub.elsevier.com/S0960-1481(14)00734-4/sref34
http://refhub.elsevier.com/S0960-1481(14)00734-4/sref34
http://refhub.elsevier.com/S0960-1481(14)00734-4/sref34
http://refhub.elsevier.com/S0960-1481(14)00734-4/sref34
http://refhub.elsevier.com/S0960-1481(14)00734-4/sref34
http://refhub.elsevier.com/S0960-1481(14)00734-4/sref35
http://refhub.elsevier.com/S0960-1481(14)00734-4/sref35
http://refhub.elsevier.com/S0960-1481(14)00734-4/sref35
http://refhub.elsevier.com/S0960-1481(14)00734-4/sref35
http://refhub.elsevier.com/S0960-1481(14)00734-4/sref36
http://refhub.elsevier.com/S0960-1481(14)00734-4/sref36
http://refhub.elsevier.com/S0960-1481(14)00734-4/sref36
http://refhub.elsevier.com/S0960-1481(14)00734-4/sref36
http://books.google.cl/books?id=GBlSAAAAMAAJ
http://books.google.cl/books?id=GBlSAAAAMAAJ
http://refhub.elsevier.com/S0960-1481(14)00734-4/sref38
http://refhub.elsevier.com/S0960-1481(14)00734-4/sref38
http://refhub.elsevier.com/S0960-1481(14)00734-4/sref38

	Estimating low-enthalpy geothermal energy potential for district heating in Santiago basin–Chile (33.5 °S)
	1. Introduction
	2. Study area and geological context
	3. Methodology
	3.1. Database and context
	3.1.1. Sedimentary infill
	3.1.2. Static level of groundwater and piezometric elevation
	3.1.3. Velocity of groundwater flow
	3.1.4. Groundwater temperature

	3.2. Ground Source Heat Exchanger (GSHE)
	3.2.1. Borehole Heat Exchanger (BHE)
	3.2.2. Groundwater Heat Exchanger (GWHE)


	4. Results
	4.1. Depth to be drilled for the implementation of a BHE
	4.2. Depth to be drilled for the implementation of a GWHE

	5. Discussion
	6. Conclusion
	Acknowledgments
	References


