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ABSTRACT

In coastal areas the seawater intrusion region underlying freshwater aquifers represents a low quality but wide
and deep geo resource. Seasonal thermal energy storage and recovery is an important component of district
heating and cooling system to manage renewable energy fluctuations, such as solar irradiance or waste heat from
industrial processes, and the corresponding mismatch of thermal energy demand and supply. A numerical tool to
evaluate the performance of seasonal Borehole Thermal Energy Storage (BTES) system to store and recover solar
energy in the seawater intrusion region, underlying the shallow freshwater aquifer and with thermally and
hydraulically insulated upper borehole section is developed and applied to the coastal carbonate aquifer of the
metropolitan area of Bari (Italy). The hourly thermal demand of the University Sport Centre of Bari is used as
benchmark. The design and performance of the BTES system is strongly dependent on the geological and
hydrogeological context as well as on the environmental and operational conditions. The aquifer characterization
suggests to locate BTES zone at a depth higher than 100 m from the freshwater — saltwater interface where
carbonate unit appears less fractured and karstified showing a value of bulk permeability less than 1012 m? and
the groundwater flow is slow (~10~3 md™'). Rayleigh number criterion is used as constraint to determine the
maximum heat storage temperature (~70°C) in order to preserve the lateral thermal stratification and the
thermal impact on the shallow freshwater resource. A novel mathematical and computational model is developed
to help the design of BTES system and to evaluate its efficiency. The results indicate that the thermal losses
within thermally insulated zone influence the effective thermal recovery factor which, according to the baseline
scenario, is equal to 47% after five years of operation. The heat energy production of the solar heating system,
covers the heat demand with percentage range of 79-117%. The location of BTES in deep seawater region at-
tenuates the decreases of efficiency due to the groundwater flow which became significant at specific discharge
around 102 md!. Changing the operation schedule with a shorter heating storage period increases the thermal
recovery factor of the BTES of 11.19% after five years of operation, but at the same time the trend of the heat
energy production shows a surplus during the midseason and deficit during the winter and summer season
respect to the thermal demand. Great care must be taken on the maximum heat storage temperature. A low heat
storage temperature ensures a wider safety margin with regards to the thermal stratification and the thermal
impact on the shallow aquifer. Anyway, a decrease of 10°C on the maximum heat storage temperature produces a
deficit of the heat production respect to the thermal demand in the range of 15%-21%.

1. Introduction

solution. When DHC use renewable energy sources, they can signifi-
cantly reduce greenhouse gas emissions and dependence on fossil fuels,

The heating and cooling of water and air represent an important item
of the energy consumption of urban and industrial settlements with
enormous economic, environmental, and social costs due to systemic
inefficiencies. The Districts of Heating and Cooling (DHC), given their
high energy efficiency, represent the most effective and efficient
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increasing the resilience and sustainability of urban and industrial areas
with an optimal and cost-effective design (Werner, 2017).

Solar irradiance plays an important role in renewable DHC,
providing a great potential for electrical and heat energy production
(Nouri et al., 2019). Besides, solar irradiance fluctuates daily and
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seasonally (Ma and Wang, 2020). In order to attenuate this intermittent
behavior, thermal energy storage at seasonal (long-term), monthly
(mid-term) and diurnal (short-term) time scale is needed (Sakellariou
et al., 2021).

In this context, the geothermal energy storage and recovery concept
provides large-scale and seasonally long-term heat and cooling storage
when heat and cooling surplus is available. The solar irradiance, avail-
able discontinuously throughout the year, can be accumulated within
the geothermal reservoir during its peak of production. Subsequently,
the accumulated heat will be recovered and transferred to urban, agri-
cultural and industrial users with huge environmental and economic
benefits (Panja et al., 2021).

From the technical and economical points of view, both Aquifer
Thermal Energy Storage (ATES) (Nordell et al., 2015; Zeghici et al.,
2015; Winterleitner et al., 2018; Bloemendal and Olsthoorn, 2018;
Burns et al., 2020; Sheldon et al., 2021) and Borehole Thermal Energy
Storage (BTES) (Moradi et al., 2015; Cui et al., 2015; Nguyen et al.,
2017; Welsch et al., 2018; Abbas et al., 2020; Beckers et al., 2022)
systems are two promising technologies for long-term storage. ATES and
BTES, compared to other storage technologies such as water tanks,
present the advantage of not taking up much surface area and they are
particularly indicated for densely populated urban areas (Schulte et al.,
2019).

In ATES systems, seasonal thermal storage occurs in aquifers with
high yield by means of two -or multiple of two- separated wells. ATES
necessarily induced forced groundwater flow in the aquifer between the
injection and extraction wells. Then advection due to forced ground-
water flow plays an important role on the seasonal storage in ATES
system.Generally, ATES operates in shallow aquifers with temperature
< 25°C due to policy and regulation restrictions (Schiippler et al., 2019).
Then such system does not permit the direct use of heat, but a heat pump
is needed. Moreover, other renewable technologies such as thermal solar
collectors, biomass, waste to energy or industrial heat waste present
higher working temperatures that are not compatible with shallow ATES
system. To enable higher storage temperatures (> 50°C), greater depths
are needed, and great care must be taken in identifying a suitable site for
long term high temperature ATES system. Deep aquifers with high
porosity and permeability are crucial in order to obtain economic ben-
efits (Panja et al., 2021).

BTES system is installed in the underground that can range from
unconsolidated geological media to rock formations with or without
groundwater. In BTES system, in order to obtain the lateral thermal
stratification, heat conduction must be the main heat transport mecha-
nism. The optimized configuration provides several hydraulic circuits
composed of several vertical borehole heat exchangers (BHESs) linking in
series. The circuits are disposed along radials connecting the inner and
outer headers in order to favor lateral thermal stratification (Skarpha-
gen et al., 2019). In the storage season, the hot heat carrier fluid is
directed towards the core of the BTES, which is warmed to the highest
possible temperature, and then radially outwards, progressively warm-
ing the outer zone. Conversely, in the recovery season, the cold heat
carrier fluid flows from the outer header first and progressively inwards
towards the inner header.

The hot carrier fluid that circulates within the BTES is not directly in
contact with aquifers. Anyway, due to the working temperature of DHC
that are at least above 50°C, the thermal impact can be significant,
especially for a shallow aquifer used for extraction of drinking water.
Therefore, in order to avoid these hydrogeological and environmental
constraints, a deeper BHE can be used with an insulated upper borehole
section avoiding the thermal impact on shallow sensitive aquifers
(Welsh et al., 2016; Schulte et al., 2016a, 2016b).

In coastal areas, the saltwater regions underlying coastal freshwater
represent largely undeveloped relatively low-quality resources that,
being also wide and deep, offer a great potential for application of deep
ATES or BTES systems with relatively high temperature (~50°C).
Naturally, saltwater regions are poorly connected with the above

shallow freshwater resource. They are characterized by low flow rates
and long residence times along the flow path (Burns et al., 2020).
Therefore the ‘cargo effect’ due to the regional groundwater flow that
tends to sweep away the accumulated heat along the direction of the
groundwater flow does not occur (Skarphagen et al., 2019).

The increase in temperature in saltwater region can reduce the
density contrast between fresh and saline water favoring the retreat of
the freshwater-seawater interface seaward. Nevertheless, great care
must be taken on the possibility of saltwater - freshwater mixing. This
environmental constraint can limit the economic benefits of the seasonal
thermal storage systems.

BTES appears more affordable respect to ATES for hydrogeological
context characterized by low porosity and low permeability. In such
context, the efficiency of injection and extraction wells of the ATES
system is reduced Conversely, in BTES system the natural convection
due to the temperature gradient is not favored permitting the lateral
thermal stratification even for high temperature (>50°C).

The efficiency of the BHEs, measured in terms of their thermal
resistance (Spitler at al., 2016), is one of the key parameters for the
optimum design and planning the BTES system. A low value of the BHE
thermal resistance is crucial for a BTES system because it increases the
thermal recovery factor defined as the ratio between the heat extracted
and heat stored over annual cycle. Different types of BHEs can be real-
ized. According to the state of art, heat exchangers with different shapes
can be installed within the borehole. Double U-tube heat exchanger
represents the most common competitive cheap technology. Then, the
borehole volume around the heat exchanger can be backfilled with
thermally enhanced grout with a mixture of bentonite and silica sand
that reaches a thermal conductivity value of ~2.0 Wm K1,

Generally, numerical modeling of seasonal BTES was carried out
using dynamic transient simulator of complex energy system such as
TRNSYS (Klein et al., 2017). However, this model does not account for
the hydrogeological features and some subsurface heat transfer dy-
namics such as advection and thermal dispersion. Then subsurface flow
and mass and heat transport model such as SEAWAT (Langevin et al.,
2008) and FEFLOW (Dierch, 2014) is used to verify and optimize the
BTES design.

In this paper a new conceptual, mathematical and numerical method
is developed to simulate simultaneously the solar heating plant and the
BTES. The models are developed in COMSOL 4.0a environment. A quasi
3d conceptualization is used to represent the three-dimensional sub-
surface heat transport in several two-dimensional heat transport prob-
lems according to the geological and hydrogeological characterization
and analysis.

The specific goals of this paper are to:

1) Forecast the thermal response and efficiency of a seasonal BTES
system in the seawater intrusion region underlying the shallow
freshwater aquifer, using the University Sport Centre of Bari (Italy)
as benchmark case.

2) Evaluate the thermal impacts of BTES on the shallow freshwater
aquifer by means of the modeling of the thermo hydrogeological
behaviour of the aquifer.

After presenting the study site and its climatic, geological and
hydrogeological setting, the seasonal BTES and solar heating design is
described as well as the details of the developed models. Simulation
results highlighted the potential and challenge of the system in terms of
its efficiency. The influence of shallow freshwater aquifer is discussed.

2. Materials
2.1. Case study

The University Sport Centre (USC) of Bari (Italy) is selected as
benchmark for the assessment of the proposed seasonal solar BTES. The
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Fig. 1. Location of the University Sport Centre (USC) of Bari.
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Fig. 2. Average Monthly mean temperature and net solar radiation (reference
period 2010 - 2020).

USC is in the urban area of Bari (Fig. 1) close to the Adriatic coast. Bari
has a semi-arid climate with an average annual temperature of 17.3°C
and mean solar radiation from April to September of 6.57 kWhm 2d~!
(Fig. 2).

According to Wang et al. (2019), USC presents a roof area of 4,000
m? available for solar thermal collector installation. A volume of 175,
000 Sm? of natural gas supplies the heat demand of the USC for space
heating (142 MWhyr 1), pool heating and Domestic Hot Water (DHW)
production (1458 MWhyr_l). In the present work, seasonal solar BTES
supplies only the pool heating and DHW production with monthly
thermal demand highlighted in Fig. 3.

The space conditioning is supposed covered by a heating/cooling
system such as a shallow geothermal heat pump. The hourly frequency
of the customers along the week (Fig. 4) is used in order to determine the
hourly heat demand for each month.
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Fig. 3. Monthly thermal demand for pool heating and domestic hot water of
the USC.

2.2. Geological and hydrogeological setting

The urban area of Bari falls along the eastern side of the Murgian
plateau which is part of the geological and structural domain of the
Apulian foreland. The annual average rainfall and potential evapo-
transpiration presents a value of 540 and 1,063 mmyr ! respectively.

From the morphological point view, the metropolitan area of Bari is a
typical coastal Murgian belt, characterized by the presence of three
elongated terraces parallel to the coast sloped down to the Adriatic Sea.
Paleostream channels or small erosive furrows (“lame”) develop
perpendicular to the terraces. The case study area lies in a morpholog-
ically depressed area called Lake of Marisabella (Cherubini et al., 2013)
where waters coming from three paleostream channels: Lama Lamasi-
nata, Lama Lamberti and Lama Picone are conveyed. Actually, these
paleostream channels are totally covered by urban areas (Fig. 5).
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Fig. 4. Average weekly frequency of the customers of the USC.

Geological surveys at location #1 conducted in the urban area of Bari
(Fig. 6a) show that, below the topsoil, alluvial deposits (Holocene) are
detected above the Calcareniti di Gravina formation (lower Pleistocene).
The latter is a calcarenitic complex, constituted by dune bioclastic,
detrital and sand bar deposits. The Calcarenite di Gravina formation is
transgressive on the underlying formation, sometimes in angular
discordance presenting a variable thickness from few meters to 20 m.
Below the calcarenitic strata lies the Calcare di Bari formation (Creta-
ceous) extending in depth for hundreds of meters. From the lithological
point view, the facies that characterizes the Cretaceous carbonate
basement is constituted by micritic limestone intercalated by dolomitic

16.850

limestone and dolostone layers. Below 138 m depth, irregular alterna-
tions of calcilutites and bioclastic limestone layers are detected.

The latter becomes predominant below 150 m depth where intra-
formational calcareous breccias levels are detected also. The carbonate
basement results moderately fractured except in local zones where the
degree of fracturing and karstification results higher (Figs 6b and 6c).
Karst phenomena are not significantly widespread. They are more
frequent in the shallow zone. Red soil (“terra rossa”) due to the residual
product of karstification is observed at the fracture walls of the struc-
tural discontinuities and joint strata. Moreover, microcavities are more
or less diffused, generally occluded by terra rossa or calcite recrystalli-
sation. The Rock Quality Designation (RQD) results homogeneous with
an average value of 55.59% and a standard deviation of 21.75%
(Fig. 6d). Only the first 10 m of the carbonate basement are character-
ized by a wide range of RQD reaching null values. A systematic corre-
lation between the gamma ray log peak and the presence of intensified
fractured or karstified strata are evident (Fig. 6e). Whereas there are no
substantial changes of natural radioactivity in correspondence of the
detected carbonate facies. Dispersions of natural radioactivity value
around an average value characteristic of a stratified carbonate rock is
observed.

According to the geological surveys and outcrop observations, the
Calcare di Bari formation is characterized by a succession of carbonate
beds separated by sub — horizontal marked mechanical discontinuities
and affected by two cross — orthogonal sets of perpendicular bedding
joints striking N-S and WNW-ESE, respectively with bed parting and bed
- unparting behaviour. Joints spacing is directly correlated to the bed
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Fig. 5. Geological and hydrogeological setting of study area with location of the USC and the geological survey #1 of Fig. 6. Blue and orange curves are the hydraulic
head (m ASML) and the flow paths of freshwater shallow aquifer respectively. Legend: (1) recent deposit (Holocene); (2) Calcareniti di Gravina formation (Lower
Pleistocene); (3) Calcare di Bari formation (Cretaceous); (4) escarpments; (5) hydraulic head contour levels (m AMSL); (6) flowpaths.
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Fig. 6. Geological surveys at #1 location. (a) Stratigraphy log. (b) layers with
high degree of fracturing (black bar). (C) layers with high degree of kar-
stification (black bar). (c) Rock Quality Designation (RQD) log (%). (d) Gamma
ray log (c.p.m.). Legend: (1) Landfill material; (2) Alluvial deposits (Holocene);
(3) Calcarenite di Gravina (Lower Pleistocene); (4) Calcare di Bari. Facies: (i)
Micritic Limestone; (ii) Dolomitic limestone; (iii) Dolostone; (iv) Calcilutites;
(v) Irregular alternation of Calcilutites and Bioclastic Limestone.

thickness variable in the range 0.15 — 1.20 m.

From the hydrogeological point of view, the study area belongs to the
karstic Murgia aquifer. The aquifer recharge occurs mainly in the
innermost area up to 40 km to the coast where the limestone unit out-
crops continuously and the presence of sinkholes favors the rapid infil-
tration of water runoff. Recharge occurs mainly in the winter season
equal to 30% of the average annual rainfall which varies between 650
mmyf1 in the inland to 540 mmyf1 in the coastal areas (Pieri et al.,
2012). Groundwater discharge directly into the Adriatic Sea through
springs located in a widespread manner along the coastal areas.

In the study area, groundwater flows in the shallow limestone units
under semi-confined condition within fractures and karst channels at
variable depth from 40 m Below the Ground Level (BGL) in the most
inland zone up to about 12-13 m depth near the coast with hydraulic
head values of about 1-2 m Above Mean Sea Level (AMSL) (Grassi et al.,
1986). Near to the coast, high tidal fluctuations (+ 0.5 m AMSL) influ-
ence the groundwater level with the oscillations of the hydraulic head in
the order of a few decimeters.

Rock porosity is low with values between 1.24% and 5.14%, then
pore fluid can be considered stagnant (Borgia et al., 2002). Groundwater
flows along preferential channels caused by fracture connectivity with
an estimated effective porosity of about ~0.3% (Masciopinto and Pal-
miotta, 2016).

A large-scale groundwater flow model was implemented to analyse
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Fig. 7. Groundwater characterization at location #1. (a) Electric conductivity
(EC) log (pScm’l). (b) Temperature log (°C).

the hydrogeological features of the shallow limestone aquifer in the
metropolitan area of Bari. Details on model conceptualization, govern-
ing equation, boundary conditions and validation can be found in
Cherubini et al. (2018) and Pastore et al. (2021a). According to these
previous studies, in the Metropolitan area of Bari the hydraulic trans-
missivity varies in the range 0.864-864 m2d~!. Specifically, in corre-
spondence of the study area, the equivalent hydraulic conductivity Keq
(LT Y reaches a value of 100 md’l, whereas a value of the upward
rescharge Qs T hH equal to 0.6 m2d~! can be determined.

In the study area, fresh groundwater floating on an underlying salt-
water intrusion region. Along the freshwater — saltwater interface,
diffusion causes salt to disperse into the freshwater zone, resulting in a
convective (density-driven) circulation through the saltwater wedge.

The electrical conductivity log (Fig. 7a) at #1 shows a marked in-
crease of salt concentration along the depth, passing from 5540 uSem?
to 19458 pScm‘1 at 24 m BGL reaching a value of 53450 pScrn_1 at the
bottom of borehole (250 m BGL). At #1 located L = 550 m from the
outflow section (Fig. 5), the transition zone between fresh groundwater
and saltwater region is placed around {(L)=22 m below the Mean Sea
Level (MSL).

According to Masciopinto (2006), the depth below the MSL of the
sharp interface at the outflow section {(0), corresponding to the study
area can be calculated as:

> 201

ak,, M

¢(0) = /¢(L)

Assuming a relative density difference equal to a=0.025 and {(0)= 15
m.

The Temperature logs (Fig. 7b) show a shallow groundwater tem-
perature affected by seasonal climate variations. As depth increases the
water temperature is affected by heat geothermal flux reaching a value
slightly above 18°C.
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Fig. 8. Hydraulic test results coming from the interpretation of the Lugeon
tests. (a) Bulk permeability profile along the depth. Red bar represents the bulk
permeability of the shallow aquifer derived by the interpretation of step
drawdown test at field site (Cherubini et al., 2018). (b) Lugeon Unit (LU) in
correspondence of the relative pressure steps for each test section. Gray scale
indicates the depth of Lugeon test.

2.3. Thermal energy potential and heat recovery efficiency

Thermal conductivity values for the Calcare di Bari formation were
measured by different authors both in dry and saturated conditions.
Niederau et al. (2015) performed a series of laboratory measurements on
core samples taken from sites representative of the Cretaceous-Eocene
stratigraphy of the Apulian carbonate platform. The main lithologies
are dense limestones and dolostones, which show layering and
micro-joints. Thermal conductivity of rock matrix k, ML3T 2K 1) was
measured in both dry and saturated condition, but the data were quite
similar in both cases (min: 2.14 Wm 'K ~! to max: 2.66 Wm’lK’l), due
to the low porosity and similar lithology. Using the geometric mean,
matrix thermal conductivities were calculated for dry and saturated
condition, yielding realistic mean values of 2.48 W m~'K! (dry) and
2.58 WmK! (saturated). Di Sipio et al. (2016) carried out direct
measurements of thermal conductivity values of the Calcare di Bari
formation in laboratory using a specific thermal conductivity analyzer.
They found a value for the saturated thermal conductivity of the lime-
stone between 3.7 and 1.5 Wm 'K ~! with a mean value equal to 2.5
Wm 'K~ . Typical values of density p,, (ML) and heat capacity ¢y,
(L2T~2K"1) of carbonate rock are 2700 kgm™> and 910 Jkg 'm~3
(Robertson, 1988).

The heat recovery efficiency of a BTES system is strongly dependent
on the thermal resistance of the BHE, intrinsic permeability of the
aquifer and natural groundwater velocity.

We expect that in shallow freshwater aquifer advection represents
the main heat transport mechanism, whereas in the saltwater intrusion
region natural groundwater flow is slow as a consequence of compara-
tively low flow rates and long residence times along flow paths that are
poorly connected with shallower fresh groundwater systems (Burns
et al., 2020).

As outlined by Catolico et al. (2016) the heat recovery efficiency
depends on the bulk permeability of fracture rock ks (L?). This behaviour
is linked with the occurrence of the natural convection due to the tem-
perature gradient. On the assumption that the carbonate rock works as a
homogeneous porous medium, according to Nield and Bejan (2013)
natural convection becomes dominant when the Rayleigh number (Ra)
is higher than its critical value Ra, = 4n%. Ra is determined as:

Ra — PuskiLone(Ty — Two) @
My Dy

Where f,, (Kfl) and (ML*IT’l) is the thermal expansion coefficient
and the viscosity of groundwater, g (LT~2) is the acceleration of gravity,
Lgge (L) is the length of the BHE, Tp (K) is the temperature at the
borehole wall, T,, (K) is the ambient groundwater temperature, Dp,
(L2T™Y) is the thermal diffusivity of the rock equal to:

D, = i 3)

PmCm

The value of Ra depends on the amount of heat loss due to conduction
and convection. Conduction is the dominant mode of heat transfer for
the lower values of the Rayleigh number. When the Rayleigh number
exceeds the critical value, the onset of convection occurs. For Ra values
lower than Ra,, heat propagates in the aquifer mainly through thermal
diffusion phenomena, leading to lateral thermal stratification. When Ra
overcomes its critical value, natural convection triggers the thermosi-
phon effect. The hot groundwater leaves the BHE in the higher part
attracting ambient groundwater from the fractures at lower depth. The
convective process is accompanied by lateral heat loss that attenuates
lateral thermal stratification and as a consequence a strong decrease of
the heat storage and recovery efficiency should be expected.

3. Methods

The methods in the present work consist of five basic steps: (1) bulk
permeability determination in saltwater intrusion region by means of
aquifer tests; (2) determination of the specific discharge profile at field
site (3) BTES design in saltwater region; (4) solar heating system design
(5) conceptual and mathematical model of the seasonal Borehole
Thermal Energy Storage System.

3.1. Aquifer tests

Lugeon tests (Vaskou et al., 2019) can be used for assessing the
equivalent intrinsic permeability of fractured rock along the depth. The
Lugeon test was conducted during the borehole perforation at location
#1 using single packer to isolate a section of borehole for water injection
at constant pressure. Four - five constant pressure steps are imposed for
each test section of borehole, for a period of 10 minutes as long as the
injected flow rate remains steady. For each pressure step the Lugeon unit
(LU) is determined as (Lancaster-Jones, 1975):

O

LU =
PL

4

Where Qi is the injected flow rate (Lmin™Y), P is the injection pressure
(MPa), L (m) is the length of the test section. Frequently, the pressure —
adsorbed flow rate diagrams show a non-linear flow behavior influenced
by the presence of the turbulent drag forces. Very high hydraulic
gradient can occur at the isolated test section that leads to high velocity
flow regime within the fracture network (Zhou et al., 2018). As result LU
decreases as P increases, presenting a small hysteresis between the
ascending and descending test phases.

Forchheimer law can be applied in order to describe the observed
non - linear flow behaviour (Houben, 2015). With the assumption that
in tested fractured rock the flow propagates radially from the borehole
axis, the Forchheimer law can be written as:

72&7_ My Bip
(2arA)?

2
or  2arMk 0 )

Where r (L) is the radial coordinate, Q @3T™ Y is the injection flow rate,
s (ML'T2%) is the pressure within the fractured rock, p,, (ML) is the
density of the groundwater, ff (L™1) is the non — Darcy coefficient, A (L)
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Fig. 9. Specific discharge profile along the depth at steady state (bold curve)
and the envelope of the specific discharge during transient condition (gray
area) according to the tidal fluctuation obtained from the two — dimensional
cross-section numerical model of variable density flow and solute transport.

is the length of the test section.

The steady-state analytical solution of radial flow out from line
source on the borehole axis, assuming that the borehole radius r (L) is
much lower than the height of the test section L can be written as:
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Where R (L) is the influence radius which can be set equal to A.

Lugeon tests were conducted at different depths in correspondence of
the following test sections isolated by single pneumatic packer:
100.0-119.5 m; 149.5-172.8 m; 200.0-220.0 m; 229.0-250.0 m.
Different pressure steps were adopted, specifically between 0.047 and
0.47 MPa. The value of the bulk permeability decreases with the depth
passing from 1.18 x 1071° m? within the shallow freshwater aquifer to
7.65 x 107! at lowest depth (229.0-250.0 m) (Fig. 8a). For all the
conducted tests, the values of LU unit decrease as the pressure increases,
presenting a small hysteresis between the ascending and descending test
phases caused by the presence of a non-linear flow behavior due to
turbulent drag forces (Fig. 8b).

3.2. Determination of specific discharge profile in the study area

In order to determine the specific discharge profile in the study area,
a two — dimensional cross-sectional numerical model of variable density
flow and solute transport (Pu et al., 2020) was set up in COMSOL 4.0a
environment. The horizontal axis was aligned along the fresh ground-
water flow path at USC (Fig. 1). The conceptual model depicts the car-
bonate aquifer as a porous geological media with the bulk permeability
that varies along the depth according to the results of the hydraulic tests.
A value of effective porosity equal to 0.3% was used. The groundwater
flows under confined condition. The model domain presents a rectan-
gular shape with depth of 250 m AMSL and a length of 1,000 m. At
seaward side, a fixed seawater level (0 m AMSL) was set and a constant
concentration of salinity (35 gl ') was assigned at the inflow zone from
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Fig. 10. Schematic representation of the BTES system: (a) plan view of the BHEs arrangement and their connection to the main headers; (b) vertical view of the BTES
system circumvents the problem of the thermal impacts of the shallow aquifer by accessing a less vulnerable seawater intrusion region at higher depth; (c) BHE
section at the thermal and hydraulic insulation zone; (d) BHE section at BTES zone.
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Table 1
Main technical specification of the solar heating system.

Parameter Value

Vacuum pipe solar collectors

Number of solar collectors 1,000

Adsorption surface of the single collector 3.02 m?

1% order thermal dispersion coefficient 1.33 Wm 2K !
2% order thermal dispersion coefficient 0.0067 Wm—2K 2

Optical efficiency 0.84

Liquid volume 1.65 x 10> m®
Maximum temperature 95°C

Buffer Tank

Volume 150 m®
Internal diameter 5m

Internal eight 7.64 m
Thickness 0.1 m

Thermal conductivity of walls 0.05 Wm 'K !

Plate heat exchanger
Number of plates 30

Plate surface 0.963 m?
Plate thickness 5x10"*m
Plate thermal conductivity 40 Wm K !

the Adriatic Sea for a depth { > 15 m below the MSL, whereas outflow
condition is imposed at the discharge zone for a depth { < 15 m below
the MSL. At landward side, according to Eq. (1), constant flux corre-
sponding to the recharge rate Qs =0.6 m2d~! was assigned for a depth ¢
= 26.5 m below the MSL. No flow condition was imposed along the other
boundaries. Groundwater flow and solute transport is simulated until
the flow and mass budget for the whole simulated domain reaches a
constant value over time. Model results represent the existing hydro-
dynamic steady state condition of the aquifer. Successively, the effect of
tidal fluctuation was considered. At seaward side the time series of the
seawater level monitored at hourly scale in the period 2020-2021 in the
tide station of Bari was imposed. Assuming that tidal fluctuations does
not influence the fresh groundwater level at landward side, constant
head corresponding to the groundwater level at steady state condition
(0.90 m AMSL) was imposed.

According to the simulation results, the shallow freshwater aquifer
flows with a maximum outflow specific discharge of 0.41 md*
decreasing with the depth reaching its minimum value at 15 m AMSL. In
correspondence of the transition zone, the inflow specific discharge from
the sea reaches its maximum value equal to 0.089 md ! decreasing with
the depth according to the bulk permeability values. At depth higher
than 150 m AMSL inflow specific discharge results lower than 1.56 x
1073 md™! (Fig. 9).

3.3. BTES design in the saltwater intrusion region

BTES design provides 12 branches composed by 3 BHEs connected in
series (Fig. 10a). The upper part the borehole sections are thermally and
hydraulically insulated in order to attenuate the thermal impact on the
shallow fresh groundwater (Fig. 10b). Polyurethane foam with a thermal
conductivity of 0.035 Wm 'K ™! can be used as thermal insulator with
watertight PVC pipe (Fig. 10c). Polyurethane may very well be a po-
tential candidate for a BHE insulating grout and is already in use for
sealing wellbores in other applications (Mansure 2002; Zawislanski and
Faybishenko 1999). The heat exchange occurs only in the seawater
intrusion region. Double U-tube vertical heat exchangers are installed in
the boreholes with a diameter Dy, = 0.152 m. Each U-tube is made of PEX
with inner diameter dp; = 0.032 m, outer diameter d,, = 0.040 m and
thermal conductivity of 0.40 Wm™'K~!. The spacing of U-tube shanks is
D = 0.800 m. Cement bentonite grout backfills the voids between the
double U-tube heat exchanger and the borehole lateral surface pre-
senting thermal conductivity of 2.0 Wm 1K ! (Fig. 10d).

The common measure of BTES efficiency is the Thermal Recovery
Factor (TRF) which is the ratio between the heat recovered and the heat
stored on the annual temporal scale. In particular way, in order to
evaluate the effect of the thermal loss in the thermally insulated zone,
the TRF was determined in two ways: as the ratio between the heat
recovered (Qr) and heat stored (Qg,) within BTES zone only
(TRF=Qrec/Qstor); as the ratio between the effective heat recovered (Qg,
rec) and effective heat stored (Q7;s1r) into the subsurface (TRFg= Qg rec/
Qg stor)-

3.4. Solar heating system

The Solar Heating System (SHS) is shown in Fig. 11. Solar irradiance,
through the solar collectors, heats the fluid that flows in the solar loop.
Then the solar loop exchanges heat with two buffer tanks filled with hot
water and cold water in order to attenuate the daily thermal fluctua-
tions. During heat storage mode, the hot buffer tank provides heated
water to store energy in the BTES. Then it releases the remaining heat
energy in the pool and DHW heating circuit. During the heat recovery
mode, the hot water coming from hot buffer tank releases energy to the
pool and DHW heating circuit first. Then it recovers heat from BTES.
Table 1 shows the main features of the SHS. Freshwater fills the buffer
tanks. Whereas water propylene glycol mixture (20% by volume) is used
as heat carrier in both solar and BTES loop.

The performance of the SHS is measured with the determination of
the efficiency of the SHS (5sys) which is the ratio between the thermal
energy covered (Q.oy) and the thermal energy demand (Q,4) determined
at monthly scale.
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3.5. Conceptual and computational model

A numerical model with different spatial scales was set up in COM-
SOL 4.0a environment to investigate the efficiency and the environ-
mental behaviour of the borehole seasonal thermal storage system.

3.5.1. Working fluids

Thermophysical properties of working fluids vary with the state
variables. Thermophysical properties of the water propylene glycol
mixture as function of working temperature that flows into solar and
BTES loop are derived from the Engineering Toolbox resources (htt
ps://www.engineeringtoolbox.com/propylene-glycol-d_363.html).
Thermophysical properties of the groundwater as function of the tem-
perature and salt concentrations as well as the freshwater that flows into
buffer loop and in the hot water circuits are derived using the correlation
functions disclosed by Nayar et al. (2016) and Shargawy et al. (2010).

3.5.2. Working conditions

According to the thermal heat demand of the USC and its weekly
frequency of the customers, assuming that the temperature of the water
supplied by the public water system is constant equal to 15°C and the
temperature of the hot water to users must be 55°C, an estimation of the
volumetric flow rate that circulates in the pool and DHW circuit Qq(t)
(L3T™1) at hourly scale can be made. A logical function ¢(t) has been
defined in order to represent the on/off flow conditions into the solar
heating system:

@(1) = (1(2) > 0)[[(Qu() > 0) @)

Where I(t) (WL™2) is the solar net radiation. The heat carrier fluids in
solar, buffer tank and BTES loop, flows until ¢(t) > 0.

Another logical function §(t) has been defined to represent the switch
condition between the heat storage and recovery mode as:

1 heat storage mode
5(t) = (C))

0 heat recovery mode

During the heat recovery mode, the volumetric flow rate that circulates

in solar, buffer tank and BTES loops Q(t) (L3T 1) has been imposed equal
to Q4(t). During heat storage mode, in order to store more solar energy, a
constant value of the flow rate Qy (L3T1) has been applied. Then, ac-
cording to the above logical functions, the mass rate in the solar, buffer
and BTES loop is given by:

Q(1) = Qop(1)8(1) + Qu(D)ep(1)(1 — 8(1)) ©)

Each component of the SHS is modelled with a set of non-linear ordinary
differential equations. Details on the mathematical modeling can be
found in Appendix A.

3.5.3. Quasi 3D conceptualization

The generic BHE crosses different geological and hydrogeological
zones having different properties. Moreover, according to the BTES
design, the BHE is constituted by a thermal and hydraulic insulated
upper part and a cement bentonite backfilled lower part. Therefore, heat
transfer occurs in different ways and rates along the depth. A quasi 3D
conceptualization has been used in order to represent heat transfer in
geological media. According to the geological and hydrogeological
characterization and the BTES design, four homogeneous zones can be
identified. Neglecting the interzone heat transfer (Karabetoglu et al.,
2021), and assuming that the Rayleigh number remain always lower
than its critical value, the three-dimensional subsurface heat transport
can be divided into four two-dimensional heat transport problems.

In each zone is assumed that heat advection take place according to a
constant average value of the inflow — outflow specific discharge
determined on the basis of the results highlighted in Fig. 9.

A schematic view of BHE in the zoned hydrogeological structure
consisting of 4 zones is given in Fig. 12.

The Zone 1 (0 < z < dj) is the surficial unsaturated zone, where the
temperature of the ground is mainly affected by the atmospheric con-
dition. Since the depth d; is much lower than the depth dy4, the heat loss
in the zone 1 can be neglected.

The Zone 2 (d; < 2z < dy) is the shallow freshwater aquifer where the
heat transfer is mainly influenced by advection phenomena due to the
ground freshwater outflow specific discharge rate.

The Zone 3 (d; < z < d3) corresponds to the part of the sealed BHE in
the seawater intrusion region. Heat transfer is mainly influenced by heat
conduction and advection due to the inflow specific discharge from the
sea. Natural convection does not occur if Ra is lower than its critical
value.

The Zone 4 (d3 < z < dy) is close to the part of cement bentonite
backfilled BHE in the seawater intrusion region where heat storage and
recovery of BTES system take place. Heat transfer takes place in in a
similar way to the zone 3. Natural convection does not occur at Ra lower
than Rac.

Details on the subsurface heat transfer model and the BTES model
can be found in Appendix B.

4. Results

The goal of the present work is to assess the potentials and limita-
tions of the BTES system into the seawater intrusion region. The
following sections report the results of the methodologies applied for the
design choices of the BTES system as well as to determine the working
conditions and its efficiency. The conducted analysis should be viewed
as proof concept analysis, and they are not to be considered exhaustive.

4.1. Choice design of BTES

According to the results of the previous sections, in order to avoid
both natural convection and forced convection due to the temperature
gradient and the groundwater flow, BTES must be installed deeper than
150 m AMSL where groundwater is in slow motion and bulk perme-
ability has the lowest value.
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Table 2

Summary of the operational conditions of the BTES according to baseline
scenario.

Storage season Recovery season

Period 04/15 - 10/15 10/16 - 04/14
Inlet temperature range (°C) 47.09 — 84.29 15.90 — 22.93
Outlet temperature range (°C) 36.10 -55.19 31.76 — 48.69
Max heat power exchanged (kW) 569 372
Max temperature at BHE wall (°C) 67.64 30.42
Max Rayleigh number (Rai; = 47°) 30.73
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Fig. 13. Operational condition of the BTES. Power exchanged, inlet tempera-

ture, outlet temperature and temperature at borehole wall at inner, interme-
diate and outer zone during (a) storage season (15th —21th July) (b) recovery
season (18" — 24™ November).

In fact, considering a maximum temperature T} at borehole wall of
70°C, a value of the ambient Temperature of groundwater T,, of 18°C, a
thermal diffusivity of the carbonate rock of 1.02 x 10™® m?s™!, and a
length Lgyg of the BTES of 100 m, the Rayleigh number Ra overcomes its
critical values at a depth lower than 150 m AMSL where with a value of
bulk permeability of 2.54 x 10712 m? it reaches a value of 83.30.

At depth higher than 150 m AMSL, the bulk permeability decreases
reaching a value of 1.02 x 10712 m? corresponding to a value of the Ra
of 33.47 lower than its critical value (Raci; = 41%). Moreover, the inflow
specific discharge decreases with the depth reaching a value lower than
1.56 x 1073 md ™! for depths higher than 150 m AMSL.

For these reasons BHEs was thermally and hydraulically insulated up
to the depth of 150 m AMSL and heat storage and recovery occurred at
depth from 150 m to 250 m AMSL in order to preserve the lateral
thermal stratification and minimize the advection heat loss.

4.2. Baseline scenario

According to the design choice, a baseline scenario was simulated.
Hourly transient simulations are performed over a period of five years to
assess the performance of the proposed energy system.

Operational conditions and efficiency of the BTES and solar heating
system was examined using a constant annual heat storage and recovery
cycle. The heat storage period of the BTES should be chosen on the basis
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Table 3
Operational condition of BTES at yearly scale with heat storage period from
April 15 to October 15,

Year  Qsor Qext TRF  Qgsewor Qg ext TRFg
(MWh) (MWh) (MWh) (MWh)

1 1105 305 0.28 1285 282 0.22

2 923 399 0.43 1103 375 0.34

3 850 439 0.52 1032 415 0.40

4 813 460 0.57 995 437 0.44

5 789 472 0.60 970 450 0.46

Qstor (MWh) and Q,,; (MWh) is the heat stored and extracted within the BTES
zone respectively, TRF = Qyor/Qex: is the thermal recovery factor of the BTES, Qg,
stor (MWh) and Qgexe (MWh) are the total heat stored and extracted into the
subsurface respectively, TRFg = Qgstor/QE,ext is the effective thermal recovery
factor.
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Fig. 16. Operational condition of the Solar Heating System. Heat power supply
and outlet temperature at the hot water circuit of the USC during (a) storage
season (15"-21™) July (b) recovery season (18"-24™ November).

Table 4
Operational condition of the solar heating system at monthly scale.
Qina (MWh) Q*cov (MWh) N*sHs Qcov (MWh) NsHs
Jan 165 109 0.66 152 0.92
Feb 147 125 0.84 154 1.05
Mar 191 195 1.02 224 1.17
Apr 149 181 1.21 152 1.02
May 121 166 1.37 95 0.79
Jun 92 137 1.48 80 0.87
Jul 26 42 1.59 24 0.93
Aug 20 33 1.61 20 0.97
Sep 73 101 1.39 68 0.93
Oct 141 153 1.09 147 1.04
Nov 176 130 0.74 180 1.02
Dec 156 101 0.65 144 0.92

Qiha (MWh) is the monthly thermal demand of the USC, Q*.,, (MWh) and Q..
(MWh) are the thermal energy covered without and with BTES respectively,
N*sus = Quma/Q*cov and nsus = Quma/Qeov are the total efficiency of the Solar
Heating System without and with BTES respectively.

of the trend of the monthly thermal demand of the USC that shows a
substantial reduction in the period between May and September (Fig. 3).
In the same period the monthly net solar radiation has a value higher
than 150 kWh/m? (Fig. 4). On the basis of these considerations, the
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Table 5

Operational condition of BTES at yearly scale changing the specific discharge,
the maximum temperature of the solar collectors and the heating period respect
to the baseline scenario.

Years  Qsor Qext TRF  emrr (%) Thmax
(MWh) (MWh) (O]
Specific discharge 0.01
(md™)
1 1127 299 0.27 -3.85%
2 968 382 0.40 -8.65%
3 903 411 0.46 -11.78%
4 878 424 0.48  -14.54%
5 865 430 0,50 -16.81%  65.62
Max temperature 75
of solar
collectors (°C)
1 872 248 0.28  2.68%
2 723 319 0.44 1.94%
3 664 349 0.53 1.68%
4 638 365 0.57 1.14%
5 619 374 0.60 1.10% 56.05
Heat storage 05/15 - 09/15
period
1 850 291 0.34  23.94%
2 759 383 0.51 16.74%
3 719 423 0.59 13.93%
4 699 444 0.64 12.34%
5 688 458 0.67 11.19% 64.45

Qstor (MWh) and Q. (MWh) is the heat stored and extracted within the BTES
zone respectively, TRF = Qgqor/Qext is the thermal recovery factor of the BTES,
errr (%) is the percentange change on the TRF respect to the baseline scenario,
Tb,max (°C) is the maximum temperature at the borehole wall.

operational conditions of the system were examined for a heat storage
period between April 15" and October 15

4.2.1. Operational condition and efficiency of BTES system

In the Table 2 are summarized the operational conditions of the BTES
during the storage and recovery season. Fig. 13 shows the hourly
operational condition of the BTES during the storage season from July
15™ to July 21th (Fig. 13a) and during the recovery season from
November 18" to November 24™ (Fig. 13b).

During storage season the heat carrier fluid enters in the inner zone
with a temperature in the range 47.09-84.24°C and exits from the outer
zone with a temperature in the range 36.10-55.19°C.

Conversely, during the recovery season the cold heat carrier fluid
enters in the outer zone with a temperature in the range 15.90-22.93°C
and exits from the inner zone with a temperature in the range
31.76-48.69°C.

The heat power exchanged between the solar heating plant and the
BTES varies according to the working condition.

During storage season, the heat carrier fluid flows within the BTES
with a constant flow rate Qo = 4.17 x 103 m®s™! on the basis of the on/
off flow condition (Eq. (7)). The heat power exchanged varies according
to inlet and outlet temperature reaching a maximum value of 569 kW.

During recovery season, the flow rate of the heat carrier fluid within
the BTES is the same of the hot water circuit which varies according to
the frequency of the customers. The heat power exchanged is affected
mainly by the flow variation reaching a maximum value of 372 kW.

Fig. 14 shows the temperature profile along the depth of the heat
carrier fluid within the BHEs in correspondence of the inner, interme-
diate and outer zone of the BTES during the storage and recovery season.
Within the thermally insulated zone, not negligible heat losses are
evident. However, during the recovery season, the heat losses into the
thermally insulated zone are mitigated, due to the fact that there is a
smaller temperature differences between the heat carrier fluid and the
thermal insulated zone.

As shown in Fig. 15, the thermal insulation attenuates the thermal
impacts on the shallow freshwater aquifer . Its temperature does not
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Fig. 17. Effect on the efficiency of the Solar Heating System at monthly scale at
varying: (a) the specific discharge; (b) the maximum temperature of the solar
collector; (c) the heat storage period respect to the baseline scenario. 17sys (%) is
the efficiency of SHS according to the baseline scenario, 7**sys (%) is the ef-
ficiency of the SHS according to the parameter changes, esys (%) is the per-
centage change on #sys (%) respect to the baseline scenario.

exceed 21.1°C (Zone 2, 0-15 m AMSL). Whereas within the part of the
thermally insulated BHEs in the sweater intrusion region the tempera-
ture does not exceed 28.5°C (Zone 3, 15-150 m AMSL) achieving to
maximum value of 67.64°C within the BTES zone (Zone 4, 150-250 m
AMSL).

Then, during the operational condition the temperature within the
BTES zone does not exceed 67.64°C corresponding to a value of the
maximum Ra number equal to 30.73 that is lower than its critical value
(Racrit = 472). Moreover, this condition does not permit the density
driven flow from BTES zone to the upper zone because heat conduction
remain stable and buoyancy forces are lower than the drag forces. As
result the heated seawater remains confined in the BTES zone.

As shown in Table 3, the stored solar energy is not fully recovered.
Storage and recovery cycles increase gradually the subsurface temper-
ature at the BTES zone. As result the heat stored decreases and the heat
recovered increases. Then TRF grows during the storage and recovery
cycles towards to a steady state condition. It is clear that, the TRFg is
lower than the TRF. After 5 years of operation, the TRF of the BTES zone
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Fig. 18. Schematic representation of diagonal inlet and outlet pipes in grout
borehole and the corresponding thermal network configuration involving the
borehole thermal resistance R; and the cross thermal resistance R;a.

is equal to 60%, whereas the TRFg, due to the effect of the heat loss in the
thermal insulated zone, reaches a value of 46 %.

Major differences are evident between the heat stored in the BTES
zone Qyor and the total heat stored in the subsurface Qg . After 5 years
of operation, the ratio between the latter and the former is 0.81.
Whereas the ratio between the heat recovered from BTES Q. zone and
the effective heat recovered Qg,ex: is 0.95.

4.2.2. Operational condition and efficiency of the Solar Heating System

Outlet temperature at the hot water circuit is more or less the
required temperature (55°C) varying in the range 38.85-57.21°C during
storage season and in the range 45.39-79.27°C during the recovery
season. The heat power supply is modulated on the basis of the fre-
quency of the customers. Fig. 16 shows the hourly operational condition
of the SHS during the storage season from July 15" to July 21t
(Fig. 16a) and during the recovery season from November 18" to
November 24™ (Fig. 16b).

Table 4 shows the comparison between the thermal energy demand,
thermal energy covered and the total efficiency of the SHS at monthly
scale considering the case where the BTES is not installed and the case
where the BTES is installed.

As expected, for the first case the solar heating system during the
spring and summer season produces a surplus of thermal energy and the
efficiency of the SHS overcome the unit reaching a maximum value of
160.7%. During the fall and winter season efficiency decreases
becoming lower the unit reaching the minimum value of 64.8% in
December.

The installation of BTES permits to manage the solar heating pro-
duction. During fall and winter season the efficiency of the SHS is higher
going from 64.8% to 92.4% in December. During the spring and summer
season the efficiency is lower variable between 78.7% in May and 96.6%
in August.

4.3. Sensitivity analysis

Sensitivity analyses are used to evaluate how different operational
and environmental conditions may influence the thermal recovery fac-
tor and solar heating system efficiency. The role of the inflow specific
discharge, storage temperature and heat storage period were assessed.

4.3.1. Inflow specific discharge

BTES zone was in seawater region at depth higher than 150 m AMSL
where groundwater flow is slow (~10_3 md_l). Overlooking the in-
crease of the bulk permeability, a shallower installation depth can
permit to reduce the thermal losses in the thermally insulated zone but



at the same time the specific inflow discharge become higher. The per-
formance of BTES zone with a value of a specific discharge equal to 1072
md ! was assessed.

A little decrease of the maximum temperature at borehole wall was
observed (Table 5). Its value passes from 67.64°C to 65.62°C, whereas
the TRF decreases of 16.81 % passing from 0.60 to 0.50 after five years of
operation. As noticeable, the increase of the heat energy stored does not
correspond with the increase of the heat energy recovered. After five
years of operation Qg increases from 789 MWh to 865 MWh, whereas
Qext decreases from 472 MWh to 430 MWh. As shown in Fig. 17a, this
behaviour affects the efficiency of SHS. Anyway, a greater percentage
change was evident during the storage season rather than the recovery
season. Note that, during the storage season, in order to store more solar
energy, the volumetric flow rate that circulates in the BTES loop is
higher than the volumetric flow rate that circulates in the hot water
circuit. Then, the increase of the specific discharge leads to a more heat
energy dissipation. As consequence, the thermal demand covered by the
SHS decreases. During the recovery season, less heat energy is recovered
but its effect on the percentage change on #gys is less evident due to the
fact that the volumetric flow rates that circulates in the BTES and in the
hot water circuit are equal.

4.3.2. Storage temperature

In BTES zone the carbonate basement is more less fractured and
karstified showing a value of bulk permeability lower than 1072 m2.
According to the baseline scenario, the Ra number remains lower than
its critical value (Ra = 30.73) and the heated seawater in BTES zone
should not migrate to the upper zone. Due to natural heterogeneity of
carbonate aquifer a larger safety margin should be desirable. A reduced
value of maximum temperature of the solar collector from 95°C to 75°C
was assessed. As expected, the maximum temperature at borehole wall
decreases reaching a value of 56.05°C corresponding to a value of the Ra
equal to 9.33. Less energy is stored in the BTES zone passing from 789
MWh to 619 MWh after five years of operation. However, TRF increases
slightly of 1.10% in the fifth year (Table 5). As shown in Fig. 17b,
significative percentage change is highlighted on the 7nsys which de-
creases considerably in the range 15.42%-20.82%.

4.3.3. Heat storage period

In real operational condition, the available net solar radiation and
thermal demand may vary from year to year. Therefore, the system
needs a modification of the annual storage and recovery cycle. The effect
of a shorter heat storage period from May 15" to September 15 was
assessed. The results show that the efficiency of BTES increases in the
shortest heat storage period. The heat energy stored decreases but the
capacity to recover heat increases. As shown in Table 5, after five years
of operation the TRF increases by 11.19 %. However, a significative
improvement on the efficiency of the SHS is not disclosed. As shown in
Fig. 17c¢, a shorter heat storage period increases significantly #sys in the
range of 18.54-33.13 % during the midseason (April — May and
September-October), but at the same time, a moderate decrease is
evident in the range of 9.33-12.59 % during summer season (June —
August) and in the range of 4.31-6.53 % during the winter season
(November — February).

5. Discussion

The goal of this study is to develop a framework to assess the po-
tential and challenges of the solar BTES in a coastal aquifer. Thermal
demands of the swimming pool and the DHW of the University Sport
Centre (USC) located in the city of Bari (Italy) are used as benchmark,
but the proposed analysis can be extended to the other sites with similar
hydrogeological features.

The BTES design in terms of array configuration, numbers, spacing
and depth of borehole is a critical aspect. Furthermore, the solar heating
design in terms of the surface area of solar collectors, volume of buffer
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tank, etc. is also an important aspect. Another crucial factor is repre-
sented by the flow rate that circulates within the SHS and the BTES. The
flow rate must be adequately modulated in order to satisfy the thermal
energy demand and the operational constraints of the SHS and BTES. A
trial and error approach was used to determine a satisfactory configu-
ration on the basis of the numerical simulation results in terms of TRF
and 7sys subjected to environmental constraints. The best configuration
of these design parameters and functions could be obtained by adopting
optimization technique to achieve for instance the highest efficiency of
heat extraction and the minimum total BHE length (Keshavarzzadeh
et al., 2020; Shulte et al., 2016a; Cui et al., 2015). As known, the opti-
mization requires several numerical simulations. The developed models
based on the quasi — 3d conceptualizations reduce the required
computational time for each simulation helping the design choice in the
practical engineering purposes.

Among field factors influencing the TRF are the thermal diffusivity of
the rock, the temperature differences between the ambient temperature
and the temperature of the borehole walls, groundwater velocity and
bulk permeability. The latter two factors play an important role on the
design choice on positioning of the BTES.

As noticeable, groundwater advection was pointed out as a serious
barrier to efficient BTES. In the case study, BTES is deeper than 150 m
AMSL in order to minimize the advection loss due to the outflow specific
discharge. As shown, the TRF decreases as the specific discharge in-
creases. When the specific discharge is equal to the critical literature
value of 10~2 md ! outlined by Banks (2015), the TRF decreases passing
from 0.6 to 0.5. On the other hand, a slight decrease of the maximum
temperature at borehole wall from 67.64°C to 65.62°C and a moderate
decrease of the 5sys in the range 0.25-3.25 % are disclosed. Nguyen at
al. (2017) approximately concur with this finding. The authors disclosed
that for a value of specific discharge of 8.64 x 107> md™! the outlet
temperature from BTES is very similar to the case with no groundwater
flow. Whereas the outlet temperature is considerably affected by the
groundwater flow when the specific discharge results higher than 4 x
1072 md .

In the study area, at deeper than 150 m AMSL, the carbonate base-
ment appears much less fractured and karstified. According to these
observations, the hydraulic tests show that the bulk permeability de-
creases with the depth, reaching values lower than 1.0 x 1072 m? at
depth below 150 m AMSL making it suitable for BTES installation under
the supposed maximum temperature of the borehole wall (~70°C).
Lower bulk permeability maintains the Rayleigh number lower than its
critical value. Then heat propagation occurs mainly by means of heat
conduction in the seawater intrusion region preserving the lateral
thermal stratification. This design choice agrees with the results pre-
sented by Catolico et al. (2016) that suggested a value of bulk perme-
ability lower than 1.5 x 107'2 m? excluding natural convection heat
losses (Ra lower than its critical value). Bar et al. (2015) adopted the
same design criteria installing medium deep BTES at depth more than
100 m in order to find lower permeability. The classic Rayleigh stability
criterion applied should be valid only for the homogeneous porous
media. However, Graf and Thierren (2009) highlighted that this crite-
rion can be applied on fractured rock when the fracture aperture is
small. Mezon et al. (2018) disclose the existence of an equivalent Ray-
leigh number determined by a homogenization of fractured rock. Any-
way, due to the natural heterogeneity and anisotropy which characterize
the carbonate aquifer, the temperature at borehole wall may be reduced
in order to have a more safety margin. As consequence, even if the TRF
decreases slightly, less energy is stored and recovered at lower tem-
perature. Then the efficiency of the SHS decreases. Benefit — cost anal-
ysis could be used to evaluate the opportunity of a detailed aquifer
characterization in order to increase storage temperature maintaining
the same safety margin.

The BHE design choice affects the thermal performance of the sys-
tem. Double U-tube heat exchanger with high thermal conductivity of
the grout (2.0 Wm™'K™!) ensures a good efficiency of heat exchange



between the borehole wall and the heat carrier fluid. The average values
of the borehole thermal resistance Ry and the cross thermal resistance
Ry, are 0.0586 mKW ! and 0.728 mKW . Besides, thermal and hy-
draulic insulation zone constituted by plastic PVC pipe filled with
polyurethane foam effectively prevents the heat losses and attenuates
the thermal impacts on the shallow freshwater aquifer. The average
values of Ry and R;; are much higher resulting equal to 2.913 mKW!
and 8.958 mKW L. Despite the fact that the effective thermal resistance
of BTES zone is lower than one order of magnitude of the effective
thermal resistance of the thermal insulation zone, the thermal losses
affect considerably the temperature profile of the heat carrier within the
BTES (Fig. 14) as well as on the TRFg (Table 3). According to the baseline
scenario, after five years of operation the TRF is equal to 47 %. How-
ever, the found values of Thermal Recovery Factor are comparable with
those presented by Sibbit et al. (2012) who investigated the performance
of shallow BTES constituted by 144 BHEs of 30 m depth.

The efficiency of SHS reflects the ability of the BTES to govern the
solar energy production. It plays an important role on the operational
condition choices. A shorter heat storage period increases the TRF, but
the efficiency of the SHS shows a more variable trend characterized by a
surplus of thermal energy during the midseason and a deficit during the
winter and summer season. As outlined by Rapantova et al. (2016) the
effect of the duration of the heat storage period is not crucial for BTES
operation.

The depth of installation of the BTES system is maintained lower
than 250 m with the length of the thermally insulated zone and BTES
zone equal to 150 m and 100 m respectively. As demonstrate by Welsh
etal., 2016, a deeper BTES systems can store several GWh and extract a
high TRF of up to 83%. However, the use of deeper borehole (>500 m)
can have financial risk consequences. Under these circumstances, down
the hole hydraulic hammer drilling technology should be used in order
to have a vertical deviation angle less than 10 % (Bar et al. (2015).
Nevertheless, to maintain the same investment costs, the increase of the
borehole length should be accompanied by a reduction of the number of
boreholes. As a consequence, the lateral thermal stratification may not
be ensured reducing the efficiency of the heat extraction (Bar et al.,
2015; Giordano and Raymond, 2019).

6. Conclusions

Storage and recovery of solar thermal energy in the seawater intru-
sion region underlying freshwater aquifers represents a new opportunity
for beneficial use of these largely undeveloped groundwater resources
for matching peak thermal energy production with peak thermal energy
demand, especially in Mediterranean coastal areas where solar energy
technology presents a great potential.

Installation of a BTES within seawater region with thermally and
hydraulically insulated upper borehole section represents an environ-
mental friendly design choice that prevent the thermal impact on the
shallow freshwater aquifer. However thermal losses within the ther-
mally insulated zone are not negligible and affect the Thermal Recovery
Factor. Therefore, such system requires more heat storage and then a
wider solar collector area. Detailed cost-benefit analysis is needed to

Appendix A

A.1. Solar collector

determine the optimal techno-economic performance.

As outlined, the design choices of seasonal BTES are strongly
depended on the operational conditions and the geological and hydro-
geological context. The results obtained from this work suggest that site
specific geological and hydrogeological characterization deserve a
greater consideration in the BTES design.

Design choices in terms of BTES and solar heating system and their
operational conditions required several iterative procedures. The
developed conceptual, mathematical and numerical models allowed to
solve simultaneously the complex time dependent dynamics involving
the solar heating system and BTES together with the subsurface thermo-
hydrogeological dynamics. The developed quasi 3d approach permits to
reduce the computational time and at the same time to preserve an
adequate realism of the hydrogeological conditions. The outlined model
represents a tool for predicting and quantifying the thermal response
and efficiency of BTES which may be used in experimental thermal
response test analysis and BTES design. Future development concerns on
the use of optimization algorithms to determine the best fit configura-
tion of the plants in terms of the geometrical setup and operational
conditions under the hydrogeological and environmental constraints.

Moreover, future activities should be directed towards the investi-
gation of the role of the storage and recovery cycle at long-term tem-
poral scale on the thermo-hydrogeologic features of the coastal aquifer.
For instance, in carbonate aquifer the increases in temperature could
favor the precipitation of calcium carbonate leading a clogging effect
which reduces the permeability of fractured rock. A higher seawater
temperature decreases both fluid density and viscosity and thus lowers
the overall density contrast between the freshwater and seawater. This
could make the freshwater-seawater interface retreats seaward and thus
increase the freshwater storage. These aspect needs further insights and
in situ experimentation.
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A solar vacuum pipe collector has been chosen. Assuming that heat carrier in the solar collector is completely mixed, according to Buzas et al.

(1997), the energy balance of solar collector system can be expressed as:

d((pier)| VT

dr = InAxC + (plcl)

T 0T, — (pie) | Q(OT™

(a.1)

Where the superscript sc stands for the solar collector, Tf; (K) is the inlet temperature, T* (K) is the outlet temperature, p; (ML~3) and q @L2T 2K Y are
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the density and the heat capacity of the heat carrier fluid respectively, V*° (L) is the volume of the heat carrier fluid within the solar collectors system,
A (L?) is the total absorption surface, I, (WL™2) is the effective solar radiation transported by the heat carrier fluid given by (DIN EN 12975-1, 2022):

L = I — ki (T = To) — ko(T* — T.)’ (a.2)

Where 5 (), k; (WL"%K 1) and ko (WL %K) are the optical efficiency and the thermal dispersion coefficients of the solar collector.

A.2. Buffer Tanks.

A one-dimensional thermal stratification model was used to represent heat transfer processes. According to Nash et al. (2017), the hot buffer tank
(tk1) and the cold buffer tank (tk2) was discretized with 6 nodes along its vertical axis to take account of the temperature stratification effect.

The conservation energy of the j-th node can be written as:

d((penlpvitt) o
ft, = —0Oyai; + (chw)‘rﬁl Q(l)Tj’L - (chwﬂrltk Q(Z)T,-ik -0+ 0, (a.3)
Where tk stands for buffer tank (tk1 or tk2), T; (K) is the temperature associated to the j-th node, p,, ML"%) and ¢,, (L2’T2K™ 1) are the density and the
specific heat capacity of the freshwater stored in the buffer tanks respectively, ka is the volume associated to the nodes j-th, Q. j (W) is the heat loss
due to the interaction between the tank wall and the ambient environment, Qj_l (W) and Qj+1 (W) are the internal heat transfer rates solving with a
finite difference scheme with temperature inversion correction method. Q,,q s Qj,l and Qj+1 is determined according to the methods illustrate in Nash
et al. (2017).

A.3. Heat exchangers.

A plate heat exchanger has been chosen. The outlet temperature for the hot and cold fluid of the heat exchangers have been determined under the
assumption of zero capacity heat exchanger and counter current flow condition with NTU - ¢ method (Cengel and Boles, 2008) solving the following
equation:

o
i~ + g
Ch
. (a.4)
€0,
The _ The _ max _ ()
co cl C’:

Where he stands for heat exchanger (hel, he2 or he3), Tr{ (K) and T (K) are the inlet and outlet temperature of the hot side, 'Ii‘f (K) and TJSS (K) are the
inlet and outlet temperature of the cold side, Cp (WK 1) and C. (WK™1) are the heat capacity rates of the hot side and cold side respectively, Qo (W) is
the maximum heat power that can be exchanged. Heat exchanger effectiveness ¢ (-) was determined according to the methods illustrated by Cengel
and Boles (2008).

The inlet temperatures of the hot and cold side of each heat exchanger (hel, he2 and he3) are given by:

Ti! = min(7T, 75,

? 7 max

T =T,

Ty = Ty576(1) — T,,,(1 = (1)) @5)
he2 __ a.

Tz‘i - TO

TZI;ES — Ttkl(s(l) + Tbhe(l _ é(f))

out out

T = T2es(r) + Tie (1 — 6(1)

out ho

Where T*

max

(K) is the maximum temperature allowed for the heat carrier fluid within the solar collector, Tf,’f}t (K) and Tf,’ilz[ (K) are the outlet temperature

of the hot and cold buffer tank respectively, Tf)’ﬁf (K) is the outlet temperature of the BTES system, T, (K) is the temperature of the public water system.
The outlet temperatures of the hot and cold side of each heat exchanger represent the inlet temperatures of the other components of the solar

heating system (sc, bhe, tk1 and tk2) and are given by:

Ty =T

Ti =Tl

Th = TI8(0) + Ty (1 - 6(1)) (2.6)
T = Ti25(0) + T4 (1 = 6(1))

T =1l

Where Tf,’l‘l (K) and Tf,’fz (K) are the inlet temperatures of the hot and cold buffer tank respectively, Tf’,fle (K) is the inlet temperature of the BTES system,
T¢™ (K) is the inlet temperature of the auxiliary heat.

Appendix B

B.1. Subsurface heat transfer model

In a carbonate aquifer, rock matrix blocks and groundwater in the fracture network could have a different temperature due to the fast temperature
changes (Frank et al., 2021). Anyway, due to the observation scale, the thermal equilibrium condition can be assumed. Then, heat transport in each
zone is governed by the following equation:

15



oT,
(pc)eqT: -V [ - ufprwTh + KquTh} =0 (b].)

Where Tp, (K) is the temperature of the generic h-th zone, uy (LT™Y) is the inflow or outflow specific discharge aligned with the x direction, (P€)eq
ML7'T2k1) and K (ML3T 2K 1) are the equivalent heat capacity and the equivalent thermal conductivity tensor respectively defined by the
following expressions:

(pc)g'q =0p,cn + (1 - e)pmcm (b.2)

K., = 0k, + (1= 0)k, + p,c,D (b.3)

Where 6 (-) is the total porosity of rock, pp, (ML’3), Cm (LzT’ZK’l), km ML3T %K) are the density, heat specific capacity and thermal conductivity of
the matrix block, pp, (ML’3), Cw (LszzK*I), ky (ML3T*2K*1) are the density, heat capacity and thermal conductivity of the groundwater, D (LT’Z) is
the dispersion tensor as function of the specific discharge, the effective porosity 6y, longitudinal and transverse dispersivity a; (L) and ar (L). The
components of the dispersion tensor are given by:

D, = auy / 0; Dy, = aruy / 0;;D,y =D, =0 (b.4)

For each h-th zone, two-dimensional simulation area has a quadratic shape with the size of 100 x 100 m?. The two-dimensional domain was aligned
along the main flow path at USC. Constant ambient temperature and heat outflow boundary conditions were imposed in correspondence of the upward
and downward flow boundaries respectively of the two-dimensional domains. BTES with geometry configuration highlighted in Fig. 10 is positioned at
the center. In correspondence of the borehole wall with diameter Dy, a heat flux boundary condition has been imposed according to the BTES model
presented in the following section.

Simulations has been performed on a two-dimensional finite element mesh for each h-th zone composed by 22114 triangles with element size
between 0.04 and 20 m.

For each h-th zone and for each m-th borehole wall of a generic branch of the BTES system the average temperature can be determined as:

[TydA
A

Th.m = (b.5)

nD,

B.2. BTES model

Each branch of the BTES system is linked with three double U-tube heat exchangers connected in series. The temperature along the borehole wall of
each BHE is assumed uniformly distributed and varies along the depth. The U-tubes are arranged symmetrically with diagonal inlet pipes configu-
rations. Heat transfer within BHE has been conceptualized with a quasi 3D model. The convective heat flow along the inlet and outlet pipes is close to
the conductive heat flows among the heat carrier fluid and the borehole walls according to the thermal resistance network highlighted in Fig. 11. The
borehole thermal resistance R (LKW1) and the cross thermal resistance Rz (LKW1) have been determined on the basis of the geometrical
configuration of the BHE, and the thermophysical parameters of the BHE and the carbonate aquifer according to Claesson and Javed (2019).
Moreover, both R, and R;> are functions of the pipe resistance R, (LKW1) which depends on the pipe flow condition. According to the method
presented in Pastore et al. (2021b), R, is determined as:

R, = 1/adyhey (b.6)

Where ey (WL™2K 1) is the heat transfer coefficient including internal film resistance and the pipe wall resistance.

Fig. 18.

Temperature distribution along the z direction of the inlet and outlet pipes of the k-th double U-tube heat exchanger of the generic branch of the
BTES is governed by the following equations:

Ul
(mlc) dLJrL(Tkw 7)) +i(TkUl ~1) =0
k dz 2R, R, (b.7)
U dTlsz 1 U2 b 4 U2 Ul .
(] C’)kTZJrTRb(Tk - T(2) +R712(Tk -T) =0

Subjected to the following boundary conditions:
T (di,t) = THHE k=1
T/ (dy, 1) = T (d, )k = 2,3 (b.8)
TP (dy,t) = TP (ds, )k = 1,2,3

Where m1U MT Y and C (L2T 2K~ 1) are the mass flow rate and the specific heat of the heat carrier fluid that flows within the k-th double U-tube heat
exchanger, TY T (K) and T;ﬁ’z (K) are the temperatures along the inlet and outlet pipes of the double U-tube heat exchanger, Tﬁ(z) (K) is the temperature
of the borehole wall.

The local heat flux along the depth of the k-th borehole wall g, (WL™?) is given by:

. LT+ TR
4, = R, (% - Tf(Z)) (b.9)

For each generic branch of the BTES Eq. (22) subjecting to the boundary condition of Eq. (23) has been solved along one — dimensional domain having
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the length d4 — dj discretized with linear elements with maximum element size of 10 m.

B.3. Coupling between the BTES and subsurface heat transfer model

Coupling boundary conditions between the subsurface heat transfer model and the BTES model is needed. Coupling model takes into account of the
change of the working condition from heat storage mode (5(t) = 1) to heat recovery mode (5(t) = 0).

During the heat recovery mode, for each branch, the inner and outer double U-tube heat exchanger switch their position. In this manner, during the
heat storage mode hot temperature enters in the inner double U-tube heat exchangers, conversely during the heat recovery mode cold temperature
enters in the outer double U-tube heat exchangers.

In the subsurface heat transfer model, for each h-th zone and for each m-th borehole wall belong the generic branch, a heat flux boundary condition
has been imposed according to the following equation:

G = ()G g + (1= 8(0)) G311 (b.10)

Where gj, ,, (WL™2) is the heat flux imposed to the m-th borehole wall of the generic branch in the h-th zone, g, , (WL™2) is the averaged local heat flux
of the k-th double U-tube heat exchanger determined in correspondence of the h-th zone given by: '
dy
Gpdz

. dp—y
= (b.11)
Tnk 7Dy (dy — dp—1)

In the BTES model for the generic branch, the temperature of the k-th borehole wall is given by:

4
Te(2) = ) Thpe(di1 <2< dy) (b.12)
h=2

Where 'Izk (K) is the temperature of the k-th borehole wall at the h-th zone determined as:

T2, = 8()Thm + (1 =) Th3-mur (b.13)

The outlet temperature from the BTES system T2 is determined as the mean of the outlet temperature of k=3 BHE of each branch (T5?(0,t)).

out
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