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This study describes the geothermal response of the Phlegraean Fields as
well as the impact of changes in its thermal and hydrodynamic properties
brought on by a deep borehole heat exchanger (DBHE). For this purpose, we
have developed a specialized model based on the Galerkin Method (GM) and
the iterative Newton—Raphson algorithm to perform a transient simulation
of heat transfer with fluid flow in porous media by solving the related
system of coupled non-linear differential equations. A two-dimensional
domain characterized with an anisotropic saturated porous media and a hon-
uniform grid is simulated. Extreme characteristics, such as non-uniformity
in the distribution of the thermal source, are implemented as well as the
fluid flow boundary conditions. While simulating the undisturbed geothermal
reservoir and reaching the steady temperature, stream function, and velocity
components, a DBHE is placed into the domain to evaluate its impact on the
thermal and fluid flow fields. This research aims to identify and investigate the
variables involved in the Phlegraean Fields and provide a numerical approach
to accurately simulate the thermodynamic and hydrodynamic effects induced
in a reservoir by a DBHE. The results show a maximum temperature change of
107.3°C in 200 years of service in the study area and a 65-year time limit is set
for sustainable geothermal energy production.

KEYWORDS
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1 Introduction

In recent years, there has been a growing worldwide trend toward the use of areas
with high geothermal potential for electricity and hot water production, as reported in
Bertani, 2015 and Bertani, 2007. The most recent geothermal energy research studies
are focusing on the use of closed-loop plants which produce heat without geo-fluid
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extraction. These technologies are deep borehole heat exchangers
(DBHEs), made up of a set of coaxial pipes which extract
heat by conduction. The use of deep borehole heat exchangers
has been studied by Nallaetal, 2005, Kujawa etal., 2006,
Davis Michaelides, 2009, Templeton et al., 2014,
Noorollahi et al., 2015, Alimonti et al., 2018, Westaway 2018,
and Renaud et al,, 2019, with different analytical and numerical

and

models, thus demonstrating the feasibility of the plant, although
with low effectiveness of heat extraction, with respect to the geo-
fluid extraction for conventional wells. These studies assessed
the amount of heat and energy that DBHEs could produce
in small geothermal reservoir areas. Nevertheless, the authors
have not investigated the response of the reservoirs to heat
extraction and the consequent change in the thermo-hydraulic
characteristics of the studied domain. This type of study is
a very complex analysis, and it is founded on thermo-fluid
dynamic laws, written in the form of a non-linear high-
order coupled partial differential equation system. Different
spatial discretization schemes are presented in the literature
generally based on the finite difference method (FDM) and finite
element method (FEM). The common numerical solutions used
include the II'in Method (II'in, 1969) which is implemented in
the SHEMAT solver (Clauser, 2003), the Network Simulation
Method (Canovasetal,, 2017) for dimensionless numerical
problems, and the Galerkin Method (GM) for solving the
system of partial differential equations (Gupta and Meek, 2002).
An example of the last method applied to shallow enthalpy
reservoirs can be found in Luo et al,, 2003. During the solving
process, some simplifications are considered, including physical
phenomena and their characteristic parameters. An example
is the well-known Boussinesq approximation. Furthermore,
when evaluating the physical parameters of porous media,
Bejan and Kraus, 2003 assumed average parameter values. At
the same time, for an accurate estimate of the physical response
of the system, some researchers such as Yusa, 1983, Holzbecher
and Yusa, 1995, and Elder et al., 2017 studied the solution of
the theoretical problems using dimensionless and normalized
variables to identify whether a common behavior or dependency
can exist between parameter and reservoir response. Such studies
assume the stream function field as a representative value.

In this paper, an innovative software based on the GM has
been developed using a hard set of numerical simulations of
the geothermal reservoir of the Phlegraean Fields, a volcanic
area located in the Campania Region, Italy. This software is
adapted to simulate the geothermal reservoirs and estimate the
temperature, stream function, and velocity components of the
fluid by solving the momentum and energy equations both
with and without a deep borehole heat exchanger in service.
This integrated calculation code (reservoir-DBHE) enables the
evaluation of the effect of closed-well extraction on the thermal
and hydrodynamic rebalancing of the reservoir. In fact, the
domain is in a quasi-steady state before the DBHE goes into
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service. When the DBHE system is in service, it is shows better
accuracy of the solution, considering the rebalancing effects of
the temperature and hydrodynamic characteristics of the domain
on the DBHE and not fixing “a priori” areas of influence or
temporally constant temperature values.

2 Governing physical laws and the
mathematical model

2.1 Governing physical laws

The solved equation system is based on the fluid flow mass
conservation Eq. 1, the energy conservation, and the momentum
conservation laws (Egs. 2, 3) combined with the Darcy law.
According to Bejan and Kraus, 2003, the energy conservation
equation is applied to a porous medium while taking into account
alocal thermal equilibrium between the solid part, s, and the fluid
part, f, contained in the pores, i.e., T, = Ty = T. In this case, heat
conduction occurs simultaneously in the solid and fluid phases.
Radiative effects, viscous dissipation, and the work carried out by
the pressure change are negligible (Bejan and Kraus, 2003).

av, v, 0 (1)
_+—:.
oz  0x
ga_T_'.va_Tﬁ.va_T_&az_T_&az_T:O (2)
ot “ox ‘oz (o) ox*  (pe)s 02 .
K ove ove Kgopor 3)
K.ox 0z u OT ox

Some approximations are used by authors such as Yusa, 1983,
Holzbecher and Yusa, 1995, and Bejan and Kraus, 2003 to
simplify this system of partial differential equations. The
Boussinesq approximation reported in Eqs 4, 5 is an important
assumption related to the density change of water due to the
change in the temperature.

p=po=—PB(T=Tp) 4)

Ap=—pBAT, ©)

where ¢ is the ratio between specific heats proportional

m. are the overall

to the system’s porosity ¢; k,, and k
thermal conductivity in the x and z directions (horizontal and
vertical), respectively; K, and K, are the horizontal and vertical
hydraulic permeabilities of the soils, respectively; g is the gravity
acceleration; ¢ and f3 are, respectively, the fluid dynamic viscosity
and the thermal expansion coefficient of the water which are the
function of the nodal values of temperature and pressure, T,, and
P, nodal (n) values. The water density is represented by p and
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po> with the subscript of 0 referring to the reference temperature.
Then, the momentum equation can be written as follows (Eq. 6).

K.gpoB (T, P
(T Py)
The system’s closure equation is the continuity equation by

the definition of the stream function field (y) as defined by Eqs 7,
8 (Holzbecher, 1998).

K, ov, ov,

Kax 0z

W) 9T _

Fi (6)

ay

Vx = —g. (7)
Iy

v, = g (8)

By substituting Eqs 7, 8 with Eqs 2, 6, we obtain the final

system xo(T,v,v,,
parameters 3 and y as follows:

v,) integrated by the two-system closure

T WOT T ks 8T e 9T
Jdt 0z dx Ox 0z (pc) ox (pc)
K2y Oy Kepp(T, n)aT_
K, ox?

0

e y(TP) ox
1vet=—=0

Iz

Ko (Tvov,) =

v, = =0
B(T, P) Closing equation parameter

u(T,P) = Closing equation parameter

The effects of the DBHE on the domain and the resulting
temperature changes are defined using the following function
(Ramey, 1962) (Cheng et al., 2011):

(1) = 2K (1., - T,) (10)
wa Bz f(t)* wb ei)>
where T,; is the formation temperature, T,, is the external

temperature of the well’s wall, 0Q/0z is the DBHE heat loss or
rate along dz, and the term f(t)* is the dimensionless transient

heat conduction defined by Cheng et al., 2011 as follows:

O =In(2

rd—71 Td[1+<1——>ln(4rd)+cl] (11)

In Eq. 11, 7, is the dimensionless time, w is the ratio between
the heat capacities of the formation and the DBHE, and C, is
Euler’s constant. The dimensional parameters and properties of
the DBHE contained in 7, and w are derived from the work of
Cheng et al., 2011, Le Nian et al., 2014, and Tang et al., 2019.

2.2 Mathematical model

The continuous domain is discretized using finite elements
with four nodes and linear shape functions, and the GM
is used to solve the system of nonlinear partial differential
equations (PDEs). An implicit difference scheme is used to
discretize the time derivative term. The multivariable matrix
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system associated with the domain Q and its solution y is given

below.
(PIT (0} + (= [B,] + [By] + (1] + [LD{T} + {2} = 0
(18] + (DD {y} + (¥} + [R}{T} = 0
_ | miut+maiyi=o
KT = (v} (1) fyh = (12)

B(T,P) = Closing equation parameter
u(T,P) = Closing equation parameter

The matrices of the previous system of equations are defined
as follows for a generic domain element e with weight function
N; and L number of weight function nodes (L,i = 1,2... 4):

P70} = [ oIy [N de{7, )

. jja[m] V)] sl T"Atzt_ ) (13)
)= [ [ 5 [ 5
:J J [NL][ ]{ }[ia—]dxdz (14)
a1l [ 2]
:J J [NL][ ]{w}[ ]dxdz (15)
= J | e ][]
:J"”r‘“ [aNLHaaﬁ]dxdz (16)
)= J, e G [ 52
e
{28}2431 (g7 IN,] i} dl (18)
] e
[P o
{2
SRRE T
(7 =K (@3} IV, 1)
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-, St 2,
_ rh rv K.8poB (T, P)

oN;
). are [NL][g]dxdz (22)

X

= | e [P vl @3)

a

{Mf}=L [N,] [aaﬁ]d _ber” V] [aaN ]dxdz. (24)

{Le}:JE N1 [aa—i]de:j’J IN,] [aN ]dxdz (25)

In the previous equation, {#} is an outer normal to the
element’s boundary. The heat flux vector q and the primitive of
the stream function F are both discretized as follows:

{q°} = -k [BI{T}}, (26)

{F} = [Bl{w;} (27)

where [B] is the matrix containing the shape functions’ first
derivatives in the x and z directions. For the physical parameters,
k represents thermal conductivity, K, and K, are the hydraulic
permeabilities, and 7, «, ,, and a,,, , represent heat capacity ratio
and diffusivity, respectively, as constant tensor matrices in the x
and z directions. Different transient analyses are developed, at
first, to define the temperature and flow fields in the geothermal

reservoir, and an analysis is performed without the DBHE. After

Mount Vesuvius

10.3389/fenrg.2022.1000990

this simulation reaches a steady state, a similar transient analysis
with the borehole well is performed. Temperature variation at the
DBHE’s external surface is discretized and nodally replaced in the
(12) system as follows:

e 2] 2]

a a

27k,
] (t)

where, in the integrals, the interval [a,b] represents the generic

N, 1[N]{T,,, - T.;} dxdz (28)

points of the discretized element.

3 Computation
3.1 Domain and analysis computation

The implemented geothermal reservoir, depicted in Figure 1
(the red line), is located in the Campi Fregrei volcanic area, near
Lake Averno and Baia di Pozzuoli, in the area known as “Mofete.”
From 1930 to 1980, several deep exploration wells were drilled
in this zone for hypothetic hydrocarbon exploration. We found
indications of the main temperatures measured up to a depth of
2,000 m for wells “MF1” and “MF2,” stratigraphy, and examples
of 3D modeling in the studies conducted by Carlino et al., 2012
and Carlino et al., 2016.

The geothermal domain, with 6,000 m longitude and a
3,000 m elevation, extended in the x and z directions, is modeled
by a non-uniform grid of 82 x 31 nodes (coordinates are given
in Supplementary Table S1). The study of Troise et al., 2001
was referenced for a two-dimensional domain, and the depth

FIGURE 1
3D view of the geothermally analyzed area in Naples, Italy.
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of the geological layers was deduced from the study of
Carlino et al,, 2016, implementing six layers with anisotropic
parameters along the z direction, as shown in Figure 2.

in the
simulation. The hydraulic permeability, thermal conductivity,

Table 1 contains the numerical values used

density, and specific heat of the soil were determined using
Carlino etal,, 2016, and porosity was determined using
Troise et al., 2001.

The DBHE depicted in Figure 3 was implemented and
simulated in the second part of the study. The well is located
in the center of the geothermal reserve and has a depth of
2,000 m. The geometric and thermal properties of the DBHE
were derived from the study conducted by Le Nian et al,, 2014,
while the thermal diffusivity and thermal conductivity of the
formation were, respectively, altered to 3.9634e—07 [m?x s7!]
and 2.1 [Wx m™' x K™']. The particularity of our study is that
the nodal temperature next to the DBHE (i.e., in the formation)
is time-dependent and changes in the domain for each analysis

10.3389/fenrg.2022.1000990

The developed code includes a special non-linear function
for defining water’s dynamic viscosity 4(T,; P,) and the thermal
expansion coefficient (T,; P,) represented in Figures4, 5,
respectively. The data are modeled by Mifofski, 2013 in a
MATLAB, 2018 function linked to the nodal variables T, and
P, which stand for the temperature and pressure in the control
node, n, respectively The information is derived from the
IAPWS, 2007 formulation. The ranges of the nodal temperature
and pressure variations are between [0,700°C] and [0,50 MPa],
respectively.

Using a dynamic

computational time-step whose

value depends on
the

Supplementary Material; Section 2). The initial time-step At

the convergence and efficiency of

solution, a transient analysis is performed (see
and the final simulation instant trend are equal to 1.00e+10
(s) and 5.00e+13 (s), respectively. Effects of the presence of
a DBHE in the geothermal reservoir are then investigated.

For this case, the final analysis time (fpgype,qs) is 200

step rather than being imposed as a constant. years.
A | B
' A oo A—
Layer 1
Layer 2 ) A
N A—
o
Layer 4 T
e |
Layer 5
A—
Layer 6 l ‘ [ A
| @ A—
Usym=3000 m \‘I‘ K
AX2 Axl Axwen
FIGURE 2
Geometrical dimension of the implemented reservoir-layer [(A) symmetrical along x] and DBHE (B).
TABLE 1 Hydraulic and thermal model parameters are implemented.
Layer Deep X2 PS CS kS (p
2 -3 ~1g-1 —117-1
n. (m] (m’] (kgm™] Ukg K] [Wm™K™] (-]
1 (surface) 0-500 1.0e-15 1800 1,000 2.1 0.3
2 500-1,000 1.0e-14 2,100 1,000 2.1 0.3
3 1,000-1,400 1.0e-18 2,400 1,000 2.1 0.3
4 1,400-1,800 1.0e-17 2,400 1,000 2.1 0.3
5 1,800-2,000 1.0e-15 2,400 1,000 2.1 0.3
6 (bottom) 2,000-3,000 1.0e-18 2,400 1,000 2.1 0.3
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FIGURE 3
Schematic of a DBHE.
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FIGURE 5

Pattern of the implemented thermal expansion coefficient of water [°C™

Water thermal expansion coefficient (T,P)

.
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0.2
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l‘,x I, ' Iy I's I's i
ttenne [ 111111]
Constant fluid flow (z direction) Constant fluid flow (z direction)
FIGURE 6

Representation of the main boundary and initial condition of the
domain.

3.2 Computational initial and boundary
conditions

To simulate the heat source and the groundwater flow
shown in Figure 6 and described in Table 2, severe initial and
boundary conditions are implemented. The boundary conditions
are of Neumann and Dirichlet types (Holzbecher, 1998). The
heat source reservoir is idealized with nodal temperature values
that increase in the x-direction and are constant in time.

Frontiers in Energy Research
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TABLE 2 Initial and boundary conditions applied to the symmetrical
half-domain.

I' B.C Value Length B.C Value Length
Type m Type m

1 T(t) 150°C 1,117.5 % 0mxs! 1,117.5

2 » 270°C 596 » » 596

3 > 300°C 447 » > 447

4 » 350°C 3725 » » 3725

5 » 400°C 467 » » 467

8 > 35°C 3,000 w(t) 0m?xs7! 3,000

67 L owm™ 3,000 & 0mxs! 3,000
ox Ox

1 v(t)  omxs' L1175 v  1.00e Omxs! 1,1175

2 > » 596 » » 596

3 » » 447 » 500e ‘mx s 447

4 » » 3725 » » 3725

5 > » 467 » > 467

6-7 7 free flow 3,000 » 0mxs! 3,000

8 » omxs~t 3,000 » » 3,000

In the center of the reservoir, where the magmatic source
is located, the temperature can reach a maximum of 400°C.
The temperature isolines reported in the conceptual model
of the geothermal reservoir (Carlinoetal,2016) based on
data inferred from drilling and production tests are used to
determine the heat source configuration (and its maximum
temperature). In fact, given a vertical reference, the trend
of the temperature isolines in this scheme is parabolic, with
temperature reduction traveling outward from the geothermal
reservoir’s center. Comparing this scheme to the one modeled
by Troise et al., 2001 to define the effects of the magma chamber
simulation, the maximum presumed temperature value is near

frontiersin.org
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400°C. The nodal function x(T,) is described in Eq. 29, and
its values are reported in Table2. A second-order forward
difference scheme is used to implement a null heat flux boundary
condition (g= 0 [W x m™2]) at the lateral walls (Eq. 30). This
implementation considers the potential existence of additional
thermal sources outside the discretized domain that might cause
symmetrically repeating effects. Finally, a constant temperature
of 35°C has been considered for the domain’s top boundary.
Except for the base of the reservoir, the same value is applied for
the entire domain Q.

x(T,)=T,- Tr,,,., in the botton and top of the domain.
(29)

_ 3T, — 4Ty, + Ty

2Ax (30)

x(T,)

for the lateral walls.

A specific set of boundary conditions has been implemented
for the fluid flow. Fluid entry is allowed in the bottom part
of the domain, with constant and increasing values of the
vertical component of velocity v, adjacent to the magma chamber
(Eq. 31). Differentiating this value enables us to account for the
impact of the greater change in the fluid density at locations
with a larger temperature gradient. The first derivative of the
stream function is set to 0 at the reservoir’s bottom (Eq. 32)
which enables the implementation of normal streamlines and
a zero horizontal component of velocity v, at the domain’s
bottom. The boundary condition applied to the reservoir’s top
prevents fluid movement (Eq. 33) which is equivalent to setting
all fluid-dynamic variables v, v,, and v, to 0. Fluid flow is
permitted through the lateral walls and normal to it. The gradient
of the stream function is equal to 0 in the x-direction for
this condition, and a zero constant value for v, and free flow
for v, are applied. With the exception of v, at the domain’s
bottom, the initial condition of all fluid-dynamic variables is 0.
In the earlier formulations, # stands for the generic node where
boundary conditions and the initial condition are applied, and
I represents the portion of the domain’s contour identifiable in

Figure 6.
X(Vz,n) =Ven— VZ>F(1‘2,3,4.5)' (31)
( ) B 3V/I’J - 4Wi,j+1 + v/i,j+2
X W) = 2Az,x (32)

for the lateral (i,x) and botton (j,z) walls.

in the top of the domain.
(33)

x(v)=v,

X(Vx,z) = VX,Z,YI
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4 Results

4.1 Results of implementation.
Undisturbed field

Figures 7-9, in order, depict the results of the analysis
related to the temperature field, the nodal temperature change
over time in the reference nodes, and the field of the stream
function in the geothermal reservoir. The time required to
reach stationarity (tﬁn) is discovered as 215,416 years (6.798e
+ 12's). The temperature field reflects the boundary conditions
corresponding to the thermal source, and the maximum
temperature values are found in the lower part of the geothermal
reservoir and along the domain’s vertical centerline. The
temperature field distribution is comparable to the results of
Troise et al., 2001. The differences between our results and those
of the latter are due to the multilayer schematization used, and
the different soil properties (see Table 1). In fact, a significant
change in the pattern of the temperature field is detected in the
central part of the domain (where x = 3,000 m) at elevations
between 2,000 m and 2,400 m (at a depth of 1,000-1400 m)
corresponding to the second-third layer, where hydraulic
permeability values are found to change (from 1.0 e—14 m?
and 1.0 e—18 m?). Figure 8 shows (a) the temporal temperature
change at sixteen given nodes and (b) the temperature profiles
at four given vertical columns in the geothermal reservoir.
The solution is stable and convergent to the steady state, as
shown in Figure 8A. The nodal temperature values in the
domain’s center (x = 2,999.9 m) show high-temperature values
even at shallow depths (8-b). The results in Figure 8B are
consistent with those presented by Carlino et al., 2016 for drilling
“M1” (for depths ranging from 0 to 2,000 m) and allow us to
hypothesize (numerically) the behavior of the reserve’s deepest
part (2,000-3,000 m). Finally, Figure 9 illustrates the stream
function field and nodal velocity vectors in the domain after
reaching the steady state. The stream field demonstrates a
full agreement with the imposed boundary conditions. The
directionality of geo-fluids can be determined using the stream
field and velocity vectors by identifying the flow inlet (at the
bottom) and outlet (at the lateral walls). The stream function
values at the reservoir’s bottom and lateral walls are between
+8.00e—6 m*x s' and —8.00e—6 m?xs™'. The areas of the
greatest fluid flow correspond to the maximum difference in
magnitude between the streamlines (with the same distance)
which is found in the domain’s upper middle part. The
phenomenon is most prevalent in layer 2, where the hydraulic
permeability and temperatures are high. In the upper part
(geothermal reservoir surface) the horizontal component of
velocity predominates and its vertical component has a very low
value. This is due to the low values of the term p,f3 in Eq. 5.
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4.2 Results of implementation. DBHE in
service

After reaching the system’s steady-state time, {3, the second
analysis is performed, taking into account the effects of the
DBHE’s presence. The simulation is carried out up to a DBHE
service time of 200 years, and a transient analysis is carried out
by dividing the simulation time into 15 steps (A t,,;,), the intervals
of which are described in Supplementary Table S4; Section 4.1.

Frontiers in Energy Research

The results obtained for the temperature and stream function
field over the domain after 65 and 200 years of DBHE service are
presented in Figures 10-13, respectively. The transient analyses
shown in Figures 10, 11 demonstrate the temperature decrement
around the heat extraction well. The temperature changes, after
65 years of service, affect only the area around the well (21 m
in the x direction), while, after 200 years, the affected area
has expanded (206.2m in the x direction), perturbing the
distribution of the temperature field in the central high part
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of the reservoir. Similarly, the stream function’s field variation
effect is observed by comparing Figure 12 with the final analysis
step in Figure 13. The latter demonstrates a change in fluid
flow directionality with the reversed sign near the reservoir’s
top (between depths 300 and 400 m). The fluid velocity vectors
and the stream function field remain unchanged throughout the
domain.

The temperature and stream function fields can be seen in
more detail, respectively, in Figures 14, 15. Figure 14C shows the
first decrease in temperature caused by the DBHE in 12 years,
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while this effect is not detected in the stream function field shown
in Figure 15C.

Finally, Figures 16A, B, respectively, show the variations of
nodal temperature at four elevations (z = 1,100 m, 1,700 m,
2,300 m, and 2,700 m from the reservoir’s base) for the left
and right nodes of the DBHE at a distance of 1 m in the x
direction and the temperature profiles at four analysis verticals.
The maximum and minimum temperatures recorded during
the first and 15th analysis steps are 107.3°C at an elevation of
2,700 m (300 m depth) and 69.3°C at an elevation of 1,900 m,
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respectively. The values for each analysis step are reported in methods, and computational implementation techniques. In-
Supplementary Table S4 and Supplementary Table S5 of this depth research is carried out on the geothermal reservoir,
paper. the geological parameters, and thermophysical and hydraulic

characteristics found in the studies of Troiseetal, 2001,
Carlino et al., 2012, Costa, 2006, and Petrillo et al., 2013, as well

5 Discussion as those gathered in this work. Through this study, we were able
to identify the presence of six anisotropic layers in the vertical

Simulating a geothermal reservoir, specifically that of z direction, the potential extension of the study domain (6,000
the Phlegracan Fields, and studying the effects on a DBHE’s x 3,000 m in longitude and depth), the distributed presence
domain is a challenging task that requires knowledge of geology, of magmatic sources at high temperatures, and the location
physics and applied physics, mathematics, numerical simulation of the potential fluid inlet and outlet. After obtaining the key
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parameters, the software was developed to define the thermal and media as in Bejan and Kraus, 2003 and were supplemented in
hydraulic states of the domain in terms of temperature, stream a two-dimensional field considering Darcy’s filtration law. The
function, and fluid directionality vectors. For this purpose, the definition of the velocity components allowed us to evaluate the
problem was physically described using well-known equations stream function variable (Holzbecher and Yusa, 1995) which is
of mass, energy, and momentum conservation laws (Todreas and useful for determining the direction of the movement of water
Kazimi, 1990). The equations were adapted to saturated porous particles. The relationship governing the behavior of the DBHE
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is derived from Cheng etal., 2011 and Le Nian et al., 2014. The
numerical method used to discretize the nonlinear partial-
derivative system to solve some specific boundary conditions
is the GM coupled with the second-order finite difference
method. Some examples and applications of the latter can
be found in Nikishkov, 2009 and Kaliakin, 2002. The DBHE
could be discretized once more using the GM. The fluid density
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and its variations are computed nodally and are affected by
parameters y and f. These parameters were estimated using
IAPWS, 2007 and Mifofski, 2013, which were then integrated
into the computational code. These system closure equations play
an important role in the goodness of fit of the results obtained
in the transient analysis because they are strongly influenced
by temperature variation. The results obtained for the studied
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variables and their nodal variations over the entire domain
clearly show that the solution for a four-node discretization
and linear polynomial shape functions is already convergent
and consistent with the results of the previously mentioned
scientific publications as well as the site measurements. GM,
by collaborating with the pre-existing equation systems, was
able to resolve the severe boundary conditions caused by
the presence of the DBHE. The temperature variation at the
well wall over time is consistent with the trend presented
in the studies of Chengetal, 2011 and Le Nian etal, 2014.
Applying this system, the heat extraction effect of the temporal
DBHE was determined by defining an optimal operating
time (65 years) before which the system’s hydraulic and
thermodynamic configurations did not significantly change. This
methodology can be applied to all existing geothermal reservoirs.
Furthermore, the implementation of the new computational
code will allow future studies to investigate the weight of the
constants of the porous medium, the water parameters (geo-
fluid), and the composition of a hypothetic fluid (by simulating
and optimizing the different thermal response parameters)
contained in the DBHE (e. g., using nanoparticles). We will
gradually progress to the study of three-dimensional domains,
selecting the appropriate parameters to define the domain
response. In addition to defining the effects of the DBHE on
the domain, it is proposed to integrate a system that allows
for the establishment of renewable energy production regimes
that are compatible with the exploitation of the geothermal
domain.

6 Conclusion

This study includes a set of numerical simulations to describe
the geothermal field of the Campi Flegrei reservoir and the
subsequent variation of the thermo-hydraulic parameters in
the entire reservoirs while the DBHE is in service. Several
conclusions can be drawn from the simulations’ results, the most
important of which are as follows:

o The integration of GM and a second-order FDM
discretization enables stable and convergent solutions, as
in the case of DBHE discretization using GM.

o In the case without the DBHE, from the point of view
of transient analysis, the reservoir reaches stationarity
after an analysis time of 215,416 years which makes
sense geologically, regarding the dimensions of the
reservoir.

o The central part of the domain, where the magmatic
thermal source is located, has the highest temperature values
(Figure 7).

o The upper part of the domain is characterized by a plume-
type temperature distribution that narrows between an
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altitude of 2,000 and 2,400 m. This effect may be a result
of the change in the physical properties of the porous
medium that can be deduced from the phenomena shown
in Figure 9, while in the central area of the domain, the fluid
directionality tends to be vertical. These phenomena, i.e., the
plume-shaped distribution of temperatures and the upward
flow directionality for the stream function are comparable
with those presented by Petrillo et al., 2013,

 The
conducted by simulating 200 years of operation. The system

integrated reserve-DBHE system analysis was
had not yet reached the steady state at this point, and the
temperature variations occurred up to a distance (x) of
206.2 m from the well.

o At the 14th time-step of the transient simulation,
corresponding to 121 years, a change in the temperature
profile and stream function can be observed in the central
part of the domain (see Supplementary Figures S1, 52),
along with the inversion of fluid directionality maintained
up to the end of the analysis.

o The maximum temperature change along the well’s wall
during the 200 years was estimated to be 107.3°C. Based on
this study, 65 years can be defined as a reference lifetime for
sustainable geothermal energy extraction using the DBHE
system.
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Nomenclature

(p C) Heat capacity (J m K1)

0Q/0z Deep borehole heat exchanger heat loser or rate of heat flow
overdz(Wm™)

A, Areaof the DBHE (m?)

B.C. Boundary condition

¢ Specific heat (J kg’lK’l)

Cl Euler’s constant 0.5772 [—]

DBHE Deep-borehole heat exchangers
f( £)* Transient heat-conduction time function [—]
FDM Finite difference method

FEM Finite element method

GM  Galerkin method

H Height of reservoir (m)

I.C. Initial condition

K Hydraulic permeability (m?)

k Thermal conductivity (W m~ K™

P Pressure (MPa)

Q Heat flux (Wm™2)

t Radius of the well (m)

Subscript s, solid or soil part, f, fluid part, m, porous medium, e,

formation, wb, wellbore 1, node, and e, element

T Temperature parameter (°C)
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t Time [s]

t, Initial time [s]

Tei Temperature in the formation node (°C)

tﬁn Final time [s]

« Thermal diffusivity (m?s71)

10.3389/fenrg.2022.1000990

T, Temperature in the deep borehole heat exchanger’s wall (°C)

U Length of reservoir (m)

v, Velocity horizontal component (m s~

v, Velocity vertical component (m s
X Horizontal distance (m)
Z Vertical distance (m)

ﬁ Expansion coefficient cc™h

I' Boundary condition position on the body line

At Time step of analysis [s]

"

¢ Dynamic viscosity of water (kg m™' s7")

p Density (kgm™)

Po Density of water at the reference temperature (kg m~)

0 Heat capacity ratio [—]

T; Dimensionless time (s)

@ Porosity of soil [—]

X The mathematical system

Y Stream-function flow parameter (m

) Computational domain

s7h
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