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a  b  s  t  r  a  c  t

A  thermal-geological  model  of  the city  of Guayaquil,  Ecuador  is  presented,  by thorough  drill  core studies
and  thermal  response  tests  (TRTs)  at ten  representative  locations.  The  aim of the  project  was to com-
plete  an  analysis  of the  geological  and  thermal  properties  to  define  their  suitability  for  ground  source
based  heating  ventilating  and  air conditioning  (HVAC)  systems.  The  first  task  consisted  of  performing
mineralogical  and  geotechnical  analysis  of  the  samples  using  X-ray  diffraction,  optical  microscopy,  and
grain size  analysis  tests  to identify  the  litho-stratigraphy  of  ten points  or areas  in the  city of  Guayaquil.
eywords:
hermal response test
ineralogical analysis
round source heat exchangers
eat sink

Simultaneously,  field  thermal  response  tests  were  completed  to collect  data  on thermal  properties  of  the
soil in  the  ten  locations.  The  geological  and thermal  response  test  results  were  used  to  develop  repre-
sentations  of the  city  lithography  as  well  as its thermal  conductivity,  resistivity,  and  undisturbed  ground
temperature  results.  These  maps  constitute  a tool  to design  geothermal  cooling  systems  and  define  the
suitability  of  using  the  soil  as a  heat  sink  for  cooling  systems.
. Introduction

A current problem for large cities with tropical climates is the
arge energy demand generated by mechanical cooling systems in
uildings (Lu et al., 2013; Aldossary et al., 2014). In Malaysia, for
xample, building annual energy consumption is approximately
090 GWh  where 57% of which is due to air conditioning systems
Yau and Hasbi, 2013). In 2006, air conditioning and refrigera-
ion accounted for 33% of electricity consumption in Hong Kong
Fong et al., 2010). The Gulf States (Bahrain, southern Iraq, Kuwait,
man, Qatar, eastern Saudi Arabia and the United Arab Emirates)
onsume more than 70% of their energy production on air condi-
ioning systems (El-Dessouky et al., 2004). A number of possible
pproaches to solving this problem have recently been discussed
uch as solar cooling systems (Anand et al., 2014; Chan et al., 2010),
hermal storage materials (Pintaldi et al., 2015), passive solar cool-

ng via evaporative effects (Best and Rivera, 2015; Chan et al.,
010), hybrid solar thermo-mechanical cooling with conventional
ooling systems (Zeyghami et al., 2015), and geothermal-based

∗ Corresponding author.
E-mail address: gsorian@espol.edu.ec (G. Soriano).

ttp://dx.doi.org/10.1016/j.geothermics.2016.11.003
375-6505/© 2016 Elsevier Ltd. All rights reserved.
© 2016  Elsevier  Ltd. All  rights  reserved.

cooling systems (GBCSs) (Florides and Kalogirou, 2007; Tsai et al.,
2014; Ruiz-Calvo and Montagud, 2014; Kharseh et al., 2015). In
the case of Guayaquil, Ecuador, a city with a tropical wet  climate
(average annual temperature is around 27 ◦C and average annual
relative humidity is around 77% (INAMHI, 2015) with little vari-
ation through the year) and close to one of the largest estuarine
systems in Latin America, i.e. the Guayaquil Gulf, the application of
geothermal-based cooling systems is promising. The implementa-
tion of GBCSs requires knowledge of the thermal properties of the
ground obtained by thermal response tests (TRTs) (Banjac et al.,
2012; Shim and Park, 2013; Boukili Hacene et al., 2012; Esen and
Inalli, 2009; Sharqawy et al., 2009; Sanner et al., 2003).

As GBCSs are used to exchange heat with the soil, its techni-
cal characteristics such as mineral composition, moisture content,
particle size analysis, bulk density, and Atterberg limits can be
related to its thermal performance. Previous studies had proposed
thermal conductivity predictive models based on mineral compo-
sition, bulk density and water content (De Vries, 1963; Johansen,
1977; Kasubuchi, 1984). However, few studies reported the rela-

tionship between soil characteristics and its thermal properties.
In this sense, Abu-Hamdeh et al. (2001) performed a comparison
of two  methods in order to evaluate thermal conductivity for four
types of soils (sand, sandy loam, loam and clay loam). The authors

dx.doi.org/10.1016/j.geothermics.2016.11.003
http://www.sciencedirect.com/science/journal/03756505
http://www.elsevier.com/locate/geothermics
http://crossmark.crossref.org/dialog/?doi=10.1016/j.geothermics.2016.11.003&domain=pdf
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The drilling method was rotopercussion, with recovery of core
samples. The drilling equipment was  a TP50 core driller mounted
on a truck and an ACKER TP-30 on wheels as seen in Fig. 2.

Table 1
Site coordinates (UTM-WGS84) and depth of the ten boreholes.

No. Location Depth (m) Coordinate X Coordinate Y

P-1 ESPOL 60.00 616350.25 9762495.55
P-2  Univ Guayaquil 60.00 622554.09 9759392.59
P-3  Base Naval Norte 60.00 625099.87 9761545.73
P-4  Centro Civico 50.00 623103.20 9756112.67
P-5  Astinave 50.00 624152.13 9755373.32
P-6  Hospital 60.00 622635.45 9753496.58
Fig. 1. Geologic ma

aried the percentage of material, bulk density and moisture con-
ent of each type of soil and reported that clay loam soils had lower
hermal conductivity than sandy soils. Barry-Macaulay et al. (2013)
eported that the thermal conductivity of soil, tested in the labo-
atory, was influenced by the variation in moisture content, bulk
ensities, and particle size. This study also highlighted that thermal
onductivity of the soil increased with particle size, bulk density,
nd moisture content. On the other hand, Bovesecchi and Coppa
2013) stated that the degree of consolidation also altered the
hermal conductivity of the soil. They reported that consolidated
oil showed higher thermal conductivity than their unconsolidated
ounterpart. Stylianou et al. (2016) analyzed 135 collected samples
rom 20 geological formations in Cyprus, determining that thermal
roperties change according to material composition and mois-
ure content. Geological formations containing gypsum presented
etter thermal properties under dry conditions.

This study is an attempt to propose a geothermic model for
he city of Guayaquil and to present suitable sites for efficient
eothermal based cooling systems. The model relies on geologic
nd lithological characterization as well as thermal properties of
oil at ten selected sites. There are a few studies in Latin Amer-
ca (Soriano et al., 2015), and this is the first survey of thermal
roperties of soil carried out in Guayaquil, Ecuador.

. Methodology

.1. Geological description of the site

The study area is the center-south of the city of Guayaquil, a
art of the Guayas province, as observed in Fig. 1. The geology of
his area is related to its geomorphology which consists of three

acro-domains, namely: the alluvial plains of Daule and Babahoyo
ivers, the deltaic-estuarine soils from the Guayas River and the

hongon-Colonche range.

In chronological order the study areas comprise Holocene
eposits of Quaternary (Q), and the sedimentary rocks are from
ocene (E). The alluvial plains (Qa) from the Guayas river are located
uayaquil, Ecuador.

in the northeastern part of the city and is associated directly with
the flooding plains from the Daule and Babahoyo rivers which form
the Guayas River. The deltaic-estuarine complex (Qe) is located in
the south-center area of the city composed by the Guayas river and
Salado estuary flowing into the sea. The Chongon-Colonche range
which belongs to the Cayo formation (P,K), is in the northwestern
part of the city and shows a homoclinal structure of average direc-
tion N110◦ constituted by sedimentary rocks from the Cretaceous
era.

2.2. Core drilling method and borehole heat exchanger
installation

This study is an attempt to map  the thermal properties of the
soil at ten selected locations to propose a geological-thermal model
for city of Guayaquil. Nine drilling sites were located on deltaic-
estuary soils and one on rocks of the geological Cayo formation
(Ordonez et al., 2006; Benitez et al., 2005). Specifically Table 1 pro-
vides the coordinates for each borehole in system UTM-WGS84
with the name of the location and depth of the drilling.
P-7  Esclusa 60.00 625843.68 9750023.04
P-8  Base Naval Sur 60.00 621556.55 9749922.25
P-9  Trinitaria 50.00 621732.95 9751321.83
P-10 Suburbio Militar 60.00 618037.44 9755050.60
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Fig. 2. Equipment ACKER TP-30 mounted on wheels.

The boreholes were drilled in accordance with the Canadian
tandard Association for the design and installation of Energy
ystems on Ground (C.S. Association, 2002). The main technical
eatures were the following: depth between 50 m and 60 m,  the
iameter of the boreholes was 113 mm.  The internal diameter of the
-type piping of high-density polyethylene (HDPE) was 19.05 mm,

he external diameter was 25.4 mm and the maximum pressure
as 723.95 kPa. The space around the U-shaped pipe was filled
ith a grout of Portland cement and bentonite to improve heat

ransfer between the pipe and soil as shown in Fig. 3. The thermal
esponse tests were carried out with a GEOCUBE GC700 complying
SHRAE standards (ASHRAE, 2011). These tests consisted of mea-
uring the initial temperature of the soil using water temperature
s a proxy, water circulated through the loop at ambient tempera-
ure for 20–30 min  to reach thermal equilibrium with the ground.
hen, the heaters were turned on to increase the water tempera-
ure for a minimum period of 48 h to ensure that the system was
n a steady state (Kavanaugh, 2000, 2001). During this period the
quipment registered the inlet and outlet temperatures every 2 min
see Fig. 3).

The equipment to conduct the thermal response test included
 water pump, a series of electric heaters and a data acquisition
ystem to collect flowrate, the inlet and outlet temperature of the

ater, and power input. The inlet and outlet temperature of the
ater in the system loop was collected using temperature con-

act sensors with an uncertainty of ±0.2 ◦C. The flowrate was  also
easured with an uncertainty of ±3%. The power provided by the

Fig. 3. Schematic of thermal response measurement with GEOCUBE.
cs 66 (2017) 101–109 103

electric heaters of water was adjusted to a rate between 50 and
80 W/m  through a series of heaters between 2500 and 3000 W.  The
heating power had an uncertainty of ±3% due to oscillations of the
electric generator (Geocube, 2015).

The uncertainty of these in situ measurements was  between
±9.6 and ±11.2%. The main factor affecting the precision of these
measurements was the testing time (ASHRAE, 2011; Kavanaugh,
2001; Witte et al., 2002).

2.3. Test methods

2.3.1. Sample preparation
Several selected core samples were collected from the drilling

process. The specimens were examined to describe the strati-
graphic columns based on geotechnical and mineralogical tests.
The geotechnical assays performed were humidity determination
(UNE, 1993), liquid limit determination (UNE, 1994), plastic limit
determination (UNE, 1993), granulometric analysis and solid den-
sity (UNE, 1995). The mineralogical analysis was performed using
quantitative X-ray diffraction. The results were compared to ASTM
standard D 2487-06 and classified according to the unified system
of soil classification (ASTM, 2011).

For all samples, a cleaning procedure was carried out to
eliminate organic matter, soluble carbonates, and sulfates. The
specimens were placed in a flask and washed at least three times
with; firstly, hydrogen peroxide to eliminate the organic matter,
then a 10% (w/w)  hydrochloric acid aqueous solution to remove
soluble carbonates, and finally a 30% (w/w) ethylenediaminetet-
raacetic acid (EDTA) aqueous solution to discard soluble sulfates.
During each washing step, the solution of hydrogen peroxide,
hydrochloric acid, and EDTA, were extracted using a pipette, then
deionized water was added to eliminate any residue. Afterwards,
the washed material was allowed to settle for three hours. Finally,
the washed samples were placed in an oven at 60 ◦C for two days.
The dried specimen was ground using mortar and pestle and then
passed through a 45 �m sieve.

2.3.2. Quantitative X-ray diffraction
After sample preparation, the mineralogical analysis of the

core samples was  carried out using quantitative X-ray diffraction
(QXRD). PANanalytical® X’pert XRD with K  ̨ Cu anode tube using a
multi-position detector, X’Celerator

®
, was  utilized. The operating

conditions were 40 mA,  45 kV and 0.02◦ of step size. Additionally,
High Score Plus

®
software was utilized to identify the crystalline

phases using the database of International Centre for Diffraction
Data (ICDD) and to quantify them using the Inorganic Crystal Struc-
ture Database (ICSD). The samples were weighted and 10% (w/w) of
zincite was added allowing the quantification of the mineralogical
composition and amorphous content. In this regard, a theoretical
diffractogram was  generated and compared to the experimental
diffractogram using Rietveld refinement techniques until reaching
at least 5% of the goodness of fit (Bish and Howard, 1988).

2.3.3. Particle size distribution
In this study, two  methods of particle size analysis were applied.

All samples went through sieve analysis screening test (UNE
103101:95) (UNE, 1995). Sandy samples particle size distribution
was also characterized using Megascopic description by a manual
stereo microscope and a digital stereo microscope of 1.3 M.

2.3.4. Bulk density

A procedure based on ASTM C20 (ASTM International, 2010)

was used to evaluate the density of rock. This procedure, applied
to refractory brick and hardened cement pastes, is based on two
weight measurements, one in the air and the other under water.
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he test procedure used a Metler Toledo
®

Excellence Plus analyt-
cal balance with temperature correction. As the material soaked
n ethanol, some wet small pieces were put in a desiccator for a

hile. The dried samples were weighed. Then, the weighed dry
aterial was placed into a beaker previously filled with distilled
ater, and another measurement was taken under water after the
eight stabilized.

.4. Thermal properties

Afterwards, the thermal properties of the soil were calculated
sing the line source analytical method. According to Ingersoll
Ingersoll, 1954), the following must be assumed:

The heat source had an infinite depth.
The heat transfer was radial.
The thermal capacitance of the drilling was small when compared
with surroundings and in its interior the temperature variation
was negligible.
The medium should have had a uniform initial temperature.

The ratio of length to diameter of the boreholes, in a range
etween 440 and 530, made the physical system to approximate
losely the first two assumptions. The small diameter of the bore-
oles (113 mm),  when compared with the soil around it made the
hird assumption an acceptable one. Due to the fact that no thermal
ources in the city of Guayaquil have been reported in the litera-
ure and considering that in deep layers like the ones the boreholes
eached (50 m and 60 m),  the temperature distribution remains
nchanged and can be considered as almost constant throughout
he year (Popiel et al., 2001).

According to Mogensen (1983), the linear model for a vertical
rilling is given by Eq. (1) with a diameter (db), length (L), heat

oad (Q̇ ), thermal resistance of the soil (Rs), thermal resistance of
he pipe (Rp) and thermal resistance of the circulating fluid (Rf);
here �T  is the difference between the mean temperature of the

irculating fluid (Tf) and the unperturbed temperature of the soil
Tg).

T  = Q̇

4�Lks
ln t + Q̇

L

[
ln

(
16˛s/d2

b

)
− 0.5772

4�ks
+ Rg + Rp + Rf

2

]
(1)

Experimental data could be fitted to Eq. (1) where the slope
m)  represents the mean temperature of the coolant (Tb) and the
ntercept (b) the natural log of the time (lnt). The soil thermal con-
uctivity (ks) is calculated with the slope and the thermal diffusivity
˛s) with the intercept as shown in Fig. 4 (Mogensen, 1983).

The effective thermal resistance of all U-tubes was calculated
sing the difference of mean fluid temperature and the temperature
f the undisturbed soil divided by the heat load over the height of
he borehole as in Eq. (2).

s(t) = Tf − Tg

Q̇
L

(2)

In future studies, it will be important to analyze the influence
f groundwater flow when its velocities are significantly higher
han 0.1 m/day (Signorelli et al., 2007), since the linear model could
roduce unstable values.

.5. Thermal model of borehole heat exchanger
The feasibility of using the soil in the city of Guayaquil as a heat
ink for cooling applications in buildings is assessed by a thermal
odel of a borehole heat exchanger. The model analyzes the sen-

ible load dissipated by carrying fluid into the ground and assess
Fig. 4. Linear fit �T  vs ln(t).

the performance of the heat exchanger under different operating
conditions (Soriano and Siguenza, 2015).

The model used in this project is based on TRNSYS software
version 17 (Klein, 2010). This software allows building a complete
thermal system by means of several modules linked to each other
called Types. In our case, the model to represent a borehole heat
exchanger is Type 557 which is based on the Duct Ground Heat Stor-
age Model (DST) developed by Hellström (1989). The DST model is
focused on the characterization of the temperature profile of the
ground around the BHE. This model assumes a cylindrical volume
of the ground around the BHE as the storage region, where a 2-
dimensional mesh is represented by radial and vertical coordinates.
This model calculates the global temperature with the superposi-
tion of a global solution, a local solution, and a steady-flux part.

In order to calculate the temperature of the outlet fluid of the
BHE a steady-state heat balance is performed as seen in Eq. (3):

Cf ṁf
∂T

∂z
+ h(Tf − Tg) = 0 (3)

where Cf is the heat capacity of the fluid, ṁf is the mass flow rate
of the circulating fluid, Tf(z, t) is the mean fluid temperature, h is
the heat transfer coefficient between the fluid and the surrounding
ground with temperature Tg.

The outlet fluid temperature of the BHE can be obtained from
Eq. (4) by solving Eq. (3) by integration along the tube (the length
coordinate along the flow path is z).

Tf,o =  ̌ Tf,i + (1 − ˇ)Tg (4)

where Tf,o is the outlet temperature,  ̌ is a damping factor defined
by Eq. (5), and Tf,i is the inlet temperature.

 ̌ = exp
−hL

Cf ṁf
(5)

It is important to notice that the DST model produces a pre-
cise and detailed estimate of the ground temperature evolution of

a BHE. Nevertheless, it is based on the steady-state assumption,
which could affect the performance of the model for very short
time intervals.



hermi

3

3

G
t
d
r
s
s
c
d
e
p
c
c

h
c
c
c
s
t
o
D
m

c
m
c
t
f
C
w
s
d

h
s
o

3

s
c
g
a

m

T
T

G. Soriano et al. / Geot

. Results and discussion

.1. Particle size distribution and mineralogy

In order to provide a general thermal geological model for
uayaquil city, the mineralogical composition and particle size dis-

ribution as well as humidity, liquid limit, plastic limit, and bulk
ensity of core samples was examined and related to the thermal
espond test. In this study, almost all boreholes showed two big
trata. One, from the surface to around 20 m of depth, a multi-band
tratum that consists of slit and lignite with different amounts of
layey minerals and sand; another, from around 20 m to 50 m of
epth, a sandy layer with different amounts of slit and clayey min-
rals. The deeper sandy layer is composed of quartz, amphibole,
yroxene, olivine, magnetite, and feldspar observed during megas-
opic tests. By XRD, the feldspar was identified as anorthite, and
lay minerals, nontronite, illite-montmorillonite, and vermiculite.

The deltaic-estuarine complex was studied throughout bore-
oles P2, P4, P5, P6, P7, P8, P9 and P10 distributed in the
enter-south of the city as shown in Fig. 1. In the stratigraphic
olumns, the two strata were easily identifiable: one containing silt,
lays, and lignite; the other containing sands. The first strata corre-
ponded to the estuarine soil, in which organic material constitutes
he key for identification. The second one that overlaid the first
ne may  pertain to the ancient deposit of the alluvial plains of the
aule River, because of the presence of sands composed of volcanic
aterials such as amphibole, plagioclase, pyroxene, and quartz.
At rocky sites, P1 and P3 were drilled identifying geologi-

al structures belonging to the Cayo formation. This formation is
ainly composed of zeolite-rich tuffs up to around 42%; plagio-

lase, 35%; smectite, 15%. These identified minerals were similar
o those reported in the scientific literature (Machiels et al., 2014)
or sites near Guayaquil city. P1 was placed within the Chongon
olonche range where lapilli and tuff were mainly observed. P3
as placed in an extension of the deltaic complex of Guayaquil

howing similar characteristics to those observed in estuarine
eposits.

As the phreatic level is between 0.7 m and 2.0 m in every bore-
ole, except for P1 that is placed in a rocky site, the humidity of the
oil in Guayaquil city is about 100%, concluding that these soils are
versaturated.

.2. Thermal properties

The analysis of thermal properties such as conductivity, diffu-
ivity, and the undisturbed ground temperature was carried out
orrelating the data obtained from the TRT test and the type of

eomorphological-geological units in Guayaquil. Table 2 provides

 summary of the results of thermal properties.
Location P1, a rock borehole that corresponds to the Cayo For-

ation, has the largest thermal conductivity with 1.67 W/m  K.

able 2
hermal properties summary.

No. Thermal
conductivity
(W/m K)

Diffusivity
(m2/day)

Undisturbed
ground
temperature (C)

P-1 1.668 0.378 26.5
P-2 0.898 0.066 28.0
P-3 1.013 0.076 28.5
P-4 1.123 0.012 29.0
P-5 1.245 0.030 29.0
P-6 0.782 0.031 28.0
P-7 0.991 0.038 29.0
P-8 1.120 0.024 28.0
P-10 0.923 0.012 28.0
cs 66 (2017) 101–109 105

The deltaic-estuarine complex (sites P2, P3, P4, P5, P6, P7, P8,
P9, and P10) exhibits a thermal conductivity in the range of
0.78–1.25 W/m  K. The range of thermal diffusivity is between 0.012
and 0.57 m2/day for locations in the deltaic-estuarine complex. The
place at the Cayo formation in location P1 has a thermal diffusiv-
ity value of 0.38 m2/day. The undisturbed temperature of the soil
presents a very narrow range between 26.5 and 29 ◦C. The values
of the ground temperature are between the average maximum and
minimum temperature for a typical meteorological year (INAMHI,
2015). Thermal resistivity of the U-loops exhibits a range between
0.34 and 0.57 K/W. The lowest values of thermal resistivity are at
locations P4 and P5, corresponding to the two  locations with bore-
holes lengths of 50 m.

The measurements done in Guayaquil show that the tempera-
ture of the soil is between 27 and 29 ◦C (Soriano and Villanueva,
2015). This temperature is significant when compared to the 22 ◦C
found in the southern part of US, 21 ◦C in Dubai or 17.5 ◦C in Algeria
(Lund et al., 2004). The values surveyed are similar to those found
at more tropical locations such as Saudi Arabia (32 ◦C) and Nigeria
(32.5 ◦C) (Sharqawy et al., 2009; Oladunjoye and Sanuade, 2012),
complicating the heat transfer to the soil and reducing the efficiency
of GSHPs. With respect to thermal conductivity values are between
0.782 and 1.668 W/m  K, which is within the range of previous val-
ues of 1.3 W/m  K in Algeria (Sharqawy et al., 2009) and 1.7 W/m  K
in Chile (Roth et al., 2004), suitable for thermal dissipation in the
soil with the best location at the Cayo Formation.

3.3. Litho-stratographic profile

With the particle size distribution and mineralogy data, the
stratigraphic profile was  built. The stratigraphic profile describes
the predominant soils in the deltaic-estuarine deposit as seen in
Fig. 5.

From surface to bottom, the soil in Guayaquil has approximately
8 m of fill dirt varying with location. A silt strata with a depth of
20–25 m follows the fill dirt; these strata have silt with high-low
plasticity and discontinuities of high plasticity clay of up to 9 m,  lig-
nite of up to 5 m and silty sand of up to 5 m.  At most locations, the silt
is composed of an interlayer of fine and coarse sand. Additionally,
it contains large amounts of organic materials such as branches,
leaves, and shells. In some zones, acicular minerals such as gypsum
and sulfur are present. Also, there are large amounts of clay and silt
nodules showing oxidation signs; at location P9, a large quantity
of reddish silt was  observed. The low plasticity silt contains pla-
gioclase type anorthite, quartz and smectite type nontronite. The
high plasticity clay and lignite consist of plagioclase type anorthite,
quartz, illite-montmorillonite and vermiculite mica.

Below the silt strata there is one of poorly graded silty sand, in
some locations with depths of up to 30 m.  The sand strata have min-
erals such as quartz, anorthite type feldspar, amphiboles, olivines,
and pyroxenes. Smaller percentages of magnetite, limestone, mica,
and pyrite were also identified. In the Deltaic complex – location
P3 Base Naval Norte – at the same level of the sand strata, a volcan-
oclastic rock lapilli type from the Cayo Formation was found.

The next 30 m consisted of two  strata, one of clay overlaying
and one of sand. These strata were characterized with the help of
reference columns.

3.4. Geological-thermal map

The nomenclature of the geological map  was  taken from the
Stratigraphic Chart (Ogg, 2009), and from other studies carried

out in the city of Guayaquil (Benitez et al., 2005; Ordonez et al.,
2006). The maps of thermal conductivity (Fig. 6), thermal dif-
fusivity (Fig. 7), and undisturbed ground temperature (Fig. 8)
were built with the software QGis. The maps were built using the
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Fig. 5. Stratigraphic profile.

Fig. 6. Thermal conductivity map. Fig. 7. Thermal diffusivity map.
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Table 3
Physical borehole parameters.

Parameter Symbol [unit] Value

Borehole and homogeneous material
Depth H [m]  50
Diameter D [m]  12

Pipe (HDPE)
Internal diameter di [mm]  20.07
External diameter do [mm] 25.4
Roughness e [mm] 0.0015
Distance between centres a [mm] 70
Thermal conductivity k [W/m K] 0.44

Table 4
Thermal model results.

No. Heat dissipation – steady state (W/m)

P-1 30.0
P-2 13.1
P-3 16.0
P-4 16.4
P-5 19.3
P-6 13.7
P-7 15.9
Fig. 8. Average undisturbed ground temperate map.

nverse distance method (IDW) (Shepard, 1968)to perform the
nterpolation in the influence radius of the sampled value.

In the maps, the geology is also plotted overlapping the ther-
al  properties like thermal conductivity, thermal diffusivity and

ndisturbed ground temperature.
As a result, the highest values of thermal conductivity are

bserved in breccia, lapilli, and volcanic tuffs from the Cayo Forma-
ion. The deltaic-estuarine soils are on the high range, except P6. In
he case of thermal diffusivity, very high values in the rocky area
.e. P1 are observed, and the complex deltaic-estuarine that shows a

edium range, apart from P2 and P3 that are high. The undisturbed
round temperature exhibits higher values in the southern parts of
he city placed in the complex deltaic-estuarine where tides and
ater circulation meaningfully affect these locations.

It seems that P1 shows the best thermal properties because it is
 rocky content. In the complex deltaic-estuarine, the conductivity
s better in the Astinave location, while Centro Civico, Suburbio

ilitar, Esclusas, Base Naval Sur and Base Naval Norte present lower
alues. Besides, for thermal diffusivity it is observed that it is higher
n the northern locations when compared with locations in center-
outh.

.5. Thermal model simulation
The borehole heat exchanger (BHE) performance was simulated
sing TRNSYS 17 (Klein, 2010). In the software, a compilation of
omponents created a closed loop system along the BHE using
ater as the heat transfer fluid. The system included the following;
P-8 16.8
P-10 13.4

firstly, Guayaquil’s weather data component Type 15-6 as well as a
simple ground temperature model Type 77. Also, the main compo-
nent Type 557a that represents the vertical “U” type vertical heat
exchanger. Finally, a Type 6 auxiliary heater component in addi-
tion to a single speed pump with no power coefficients Type 3d
and two  online plotter with supplied units. The model was set to
run for 10,000 h of operation.

The homogeneous material properties such as the thermal con-
ductivity, density and heat capacity were considered to be the same
as the estuarine ground found in Table 2. This condition is assumed
due to the relatively high volume ratio between the ground and the
grouting. Additionally, the flowrate was  set to 1 × 10−4 m3/s and
the inlet temperature to 45 ◦C which are considered typical val-
ues in real ground source heat systems. The main borehole model
parameters are presented in Table 3.

3.5.1. Results of thermal model
Table 4 shows results of the heat transfer simulation for a single

borehole at each of the conditions measured in Guayaquil. The main
result is the capacity of a single borehole to dissipate heat into the
ground under continuous operation once it reaches steady state. In
other words, the capacity of the soil to act as a heat sink is reported.

Results show capacities between 13 and 30 W/m  under steady
state and continuous operation. The maximum performance is in
the perforation located at ESPOL which is part of the Cayo geologi-
cal formation in Guayaquil. Lower dissipation rates are achieved in
the deltaic-estuarine soil with the point at University of Guayaquil
having the lowest performance.

It is worth mentioning that peak dissipation rates above 50 W/m
are possible for short periods as demonstrated by conditions
imposed in the thermal response tests at every site.

4. Conclusions

The first study of thermal properties in Guayaquil, Ecuador is
presented. The study constitutes one of the first in this region of

the world. The study was  carried out through nine boreholes in
the deltaic-estuarine deposits and one borehole the Cayo Forma-
tion which is a rocky deposit. The range of the borehole depth was
between 40 m and 60 m.
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In the stratigraphic profile of the deltaic-estuarine deposit, it is
ossible to recognize two strata, one of silt with inserts of clay and

ignite that has between 20 and 25 m in depth; and other of sand
ith clay and silt nodules with approximately 30 m of depth. The
hreatic level at this area was between 0.7 m and 2 m.  The Cayo
ormation was constituted by sedimentary rocks, but no phreatic
evel was found at this location.

The results of the TRTs showed two very distinct behaviors in
hermal properties between the deltaic-Estuarine zone and the
ayo formation. The geological unit of the deltaic-estuarine com-
lex showed values of thermal conductivity between 0.782 and
.245 W/m  K which are lower than that of the rocky place (i.e.,
.668 W/m  K). In addition, the phreatic level between 0.7 m and

 m and mineralogical composition affected such values of thermal
onductivity in the deltaic-estuarine zone but not enough to reach
he levels of the Cayo Formation. All measurements were similar to
hose reported by other authors at similar geological regions.

The values of the temperature of the soil are within the range of
revious reported values for locations at a similar latitude. Typical
emperature gradients between soil and average ambient temper-
ture in Guayaquil are below 5 ◦C. These temperature gradients are
ot adequate for traditional direct cooling applications of buildings.
owever, thermal load dissipation of a building is possible.

The thermal model showed that an individual borehole heat
xchanger can dissipate between 10 and 30 W/m  when reaching
teady state with typical operating conditions of inlet tempera-
ures of 45 ◦C and flowrates of 1 × 10−4 m3/s. The decision of using
round as a final heat sink of HVAC systems should be based on a
ase by case technical and economical analysis and further studies
re required.

The maps should be a framework for coming engineering
rojects contributing to decision-making process related to HVAC
ystems. In the case of Guayaquil-Ecuador, this study is a starting
oint to develop more efficient geothermal based cooling systems.
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