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Abstract: Electromagnetic (EM) heating is an emerging method for storing renewable energy, such as
photovoltaic solar and wind electric power, into aquifers. We investigate how the captured energy
increases the temperature of a prototypical deep aquifer for a six-month period and then to which
extent the stored energy can be recovered during the consecutive six months. Water injected at
a constant flow rate is simultaneously heated using a high-frequency electromagnetic microwave
emitter operating at the water natural resonance frequency of 2.45 GHz. The coupled reservoir
flow and EM heating are described using Darcy’s and the energy balance equations. The latter
includes a source term accounting for the EM wave propagation and absorption, modeled separately
using Maxwell’s equations. The equations are solved numerically by the Galerkin least-squares
finite element method. The approach was validated using EM-heating input data obtained from
controlled laboratory experiments and then was applied to the aquifer. We found that after six years
of alternate storage and recovery, up to 77% of the injected energy is recovered when considering
realistic heat losses estimated from field data. Even when heat losses are increased by a factor of
two, up to 69% of the injected energy is recovered in this case. This shows that down-hole EM
heating is a highly effective method for storing renewable energies, capable of helping to solve their
inherent intermittency.

Keywords: low-enthalphy geothermal sources; electromagnetic heating; flows in porous media;
partial differential equations

1. Introduction

In the last decade, the significance of solar and wind energy sources has grown
considerably under the societal pressure to curb CO ; emissions imputable to the use of
natural hydrocarbons. Solar power plants generate substantial amounts of energy, but
mostly during daytime and in summer, and wind-turbine energy output depends on
weather conditions. This is in stark contrast with the energy consumption profile in the
built environment, which is higher at later parts of the day and in the colder seasons [1].
Resolving this intermittency conundrum of solar and wind energies is essential for a wider
acceptance and usage of these renewable energy sources.

Aquifer thermal energy storage (ATES) seeks to increase the efficiency of the terrestrial
energy system by storing heated water in the subsurface; see [2]. One of the simplest forms
of the ATES system consists of two underground wells that operate cyclically between
summer and winter [3]. In summer, cold water is extracted from the aquifer and is generally
used for cooling buildings and industrial processes, and then is reinjected into the aquifer
through the storage well. In winter, the reverted water flows in any direction possible in
the heating buildings and industries. ATES techniques are based on heated water injection;
the majority in shallow reservoirs, and a few others in medium/deep aquifers [3-5]. Notice
that the latter type is more affected by heat losses.
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Hybrid energy systems combining low-enthalpy (low-H) geothermal sources, i.e.,
aquifers with temperatures below 90 °C, with wind or solar energy, were studied by [6-9].
The geothermal sources can potentially provide an enormous energy storage capacity [10]
while enhancing the overall efficiency of the energy supply [11,12]. Nevertheless, there is
still a lack of data and models concerning this process for high depths. The present paper
follows a similar idea by considering energy storage at deep reservoirs, where thermal
losses can play a significant role. Including these types of aquifers increases renewable
energy usage.

Subsurface EM heating is not completely new [13-15]. It has been a subject of several
studies mainly in the context of clean-up of polluted soils [16], and enhanced oil recovery
(EOR) [17-20]. However, it is far from being completely understood, especially in the
context of geothermal energy sources. For instance, the impact of EM propagation on
the efficiency of energy storage and the role of the various energy losses have not been
discussed in detail. Electromagnetic heating is hardly affected by the heterogeneity of the
reservoir and allows uniform heat distribution in the medium [21]. In addition, compact
and high-efficiency EM heating equipment allows a more straightforward setup inside
the well. The experiments reported in [22] showed that heat could be induced from
the inside out, while [23] demonstrated that it is possible to obtain heating faster when
compared to traditional thermal techniques, resulting in less heat loss due to the greater
penetration in the medium. Authors report similar results in [24], stating that the EM
heating is advantageous in avoiding thermal losses when compared to traditional thermal
methods such as hot water (or steam) injection. Numerical and analytical study [25],
considering thermal losses proposed in [26], was performed calculating the heat loss for
adjacent extracts considering heat conduction. Similarly, vertical heat losses for over- and
underburden formations were modeled through the heat diffusion equation [27].

After the model validation on the data obtained from the laboratory-controlled exper-
iments, we conducted a numerical analysis of the energy storage and recovery from an
aquifer based on a coupled EM heating and reservoir flow mathematical model. As illus-
trated in Figure 1, we apply the model to assess the efficiency in six-month cycle production
and storage for a total duration of six years. The paper proceeds with the physical model,
numerical details, and results and discussion, followed by conclusions. For completeness,
we present the approach validation in the Appendix, although it can also be found in [28].

Cold Energy
— water excess

’ Well
. Energy _l l_—
Heating .
generation i EM heater

-7 Hot water i

Aquifer Aquifer

Figure 1. Schematic representation of the proposed scheme.

2. Physical Model

Consider a solar and wind power electrical power source and a well drilled into an
aquifer, as depicted in Figure 1. A source of EM waves operating in the microwave at
wavelengths is placed at the bottom of the well to enable energy to be injected directly
into the reservoir [29]. This configuration clearly minimizes the heat losses due to energy
transfer along the walls of the injection well and maximizes the total amount of energy
reaching the reservoir. Our discussion will be confined to the less-evident EM propagation
in the reservoir.

To fix ideas, we assume the reservoir to be a homogeneous and isotropic reservoir with
porosity ¢ and permeability k and dimensions L x L x h. In addition to the injection well
already mentioned, four wells are drilled at the edges of the reservoir so that altogether
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they form a five-spot configuration (see Figure 1). The well diameter is considered equal
to 27.3 cm (or 10 3/4 in), one of the standard casing diameters. Water at temperature 6y
is injected into the aquifer at a flow rate Q; and a constant pressure gradient, while the
microwave emitter irradiates energy with nominal power W. From the physical point of
view, we need to solve the problem of the flow of water into the reservoir coupled with the
heat transfer with an EM source.

This work’s premise is that the energy stored in the aquifer can be recovered through
the four production wells. Since flow and temperature profiles are symmetrical with respect
to the central well’s axis, we present only the first quadrant of the simulation.

Note that heating of shallow aquifers should not exceed 30 °C (LT-ATES) due to
environmental, economic, and social risks; see [5] for details. We consider deep aquifers
with high temperature and pressure, although we limit this study to reservoir temperature
below 365.7 °C and pressures over 20 MPa to avoid the possibility of steam formation.
When working with deep aquifers, the risks of harm to the environment are lower. Another
factor is the presence of multiple rock layers overlying the aquifer, which will limit the
vertical heat flow and chemical transport to the surface. In fact, high temperatures occur
naturally at these depths in various parts of the world due to relative proximity to the
Earth’s core.

2.1. Governing Equations

Fluid flow in the aquifer is governed by mass, momentum, and energy conservation.
For porous media flow, the momentum equation reduces to Darcy’s law; see [30,31]. As we
deal with a reservoir-scale phenomenon with a significant timescale (months), we assume
that flow is incompressible and in the steady state. The mass conservation equations and
Darcy’s law can be combined into the following pressure equation:

k a2
V- <VVp) =0, where 10gv-a1+m, 1)
where k is the permeability of the porous medium, v is the viscosity of water depending on
temperature 6 [32], and p is the local pressure in the reservoir.
The energy balance is expressed by the following heat convection-diffusion equa-
tion [20,33,34]:
20

Ci5y +CuV - (VO) = Kidd — C(6 — b)) + W, )

where velocity V is obtained from Darcy’s equation using pressure field from Equation (1),
C; is the system’s specific heat, Cy, is the total fluid specific heat, K; is the total system
thermal conductivity, C; is the thermal losses coefficient, and W is the total electromagnetic
energy source. Note that, for simplicity, the thermal expansion of the rock and the fluids
are assumed to be negligible, which is an acceptable approximation for the range of
temperature variations considered in this study. The temperature in the reservoir rises due
to heat conduction, convection, and radiation. Using the relationships between volume
fraction, saturation, total Darcy velocity, and flow function, we can write the coefficients as

G = PowCw + (1 - (P)Pscs/ (©)]
Co = PwCw + PsCs, (4)
Ki = ko +ks(1—9). @)

Note that, consistently with Equation (2), the amount of heat transferred by conduction

g (W) in the unit of time inside the material in the vertical direction is given by Fourier
thermal conduction law:

q = KiAd.0, (6)

where K; is the thermal conductivity (W/(m K)), and A (m?) is the area of the section
perpendicular to the flow’s direction. Equating the total energy loss, calculated by using
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(6), for L x L x h reservoir’s size (length, width, and height), with the same using the linear
thermal loss coefficient C;, we arrive at C; = K; /K.

2.2. EM Heating

The detailed derivation of the total electromagnetic energy source W of electromagnetic
heating from the Maxwell equations can be found in [28]. Here, we recall the main result,
which can be expressed as

@)

—2a(r—ry) e—20(r—rw)
r r2 ’

W(r) = — [20(8 +

where Py is the incidence power, h is the reservoir height, r is the radius, and r, is the
wellbore radius. The attenuation factor is given by

2
_ | Hopreotr v B
0 =w 5 1+(P‘505r> 11, (8)

where w is the angular frequency, o and y, are vacuum and relative magnetic permeabilities,
o and ¢, are vacuum and relative electric permittivities, and ¢ is the medium conductivity.

3. Numerical Methods

We solve the system of Equations (1) and (2) to simulate the heating of a 100 m x 100 m
aquifer with five wells in a five-spot configuration.

The two cases having practical significance considered are (a) continuous water injec-
tion and EM heating, where EM heater is placed inside the vertical injection well located in
the center of the aquifer, and (b) alternated water injection and EM heating; in this case, the
wells are alternatively switched from injectors to producers and vice versa (see Figure 2).
Both configurations were simulated using parameters described in Table 1, which were
obtained from the literature [20,32,35,36].

s

6 months EM energy storage ] -

\

[ Swich to recovery Swich to storage
| during cold period during hot period

s

6 months heat energy recovery ] —

\

Figure 2. Schematic representation of the proposed energy storage through EM heating.

We use an efficient numerical scheme based on the Galerkin least-squares finite element
method (GLS) to solve Equations (1) and (2) [37]. GLS possesses the accuracy of the standard
Galerkin method and the stability of the least-squares method. It consists of determining
the equations’ variational formulation, approximating the solution by a different family of
polynomial base functions when high convection occurs alongside low diffusion.

A staggered algorithm is employed to solve the system of partial differential equations
by decoupling it into subsystems solved sequentially. This scheme is commonly used when
equations express different physics; see [38].
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Table 1. Physical parameters used in calculations.
Symbol Physical Quantity Value Unit (SI)

¢ porosity 0.220 [-1

Sw water saturation 1 [-]

Vo water viscosity 1.002 x 1073 [Pa-s]
0s porous media density 2.650 x 103 [Kg/m?]
Ow water density 0.997 x 103 [Kg/ m?]

Cs PM specific heat capacity 0.920 x 103 [J/Kg- K]
Cw water specific heat capacity 4.2 x 103 J/Kg- K]
ks PM thermal conductivity 2.30 [W/m- K]
kw water thermal conductivity 0.58 [W/m- K]

L reservoir length and width 100 [m]
Quw flux rate 4x10°° [m/s]

A cross section 1.7 [m?]

h reservoir height 5 [m]

P power of the EM emitter 185 [kW]

0o initial temperature 308.15 K]

k permeability 700 [mD]

a constant Equation (1) —4.53 [-]

a» constant Equation (1) —220.53 [-1
as constant Equation (1) 149.39 [-]
€9 vacuum electric permittivity 8.854 x 10712 [F/m]

& relative electric permittivity 81 [F/m]
Mo vacuum magnetic permeability 471 x 1077 [H/m]
Hr relative magnetic permeability 1 [H/m]

o medium conductivity 0.02 [S/m)]

w angular frequency 2 f [rad/s]

« water EM energy absorption 4.185 x 1071 [1/m]
G system specific heat 2.822 [MJ/m3- K]
Cuw total fluid specific heat 6.625 [M]J/m3. K]
K; tot. system thermal conductivity 1.9216 [W/m- K]
C thermal losses 0.02 [W/m?3- K]

Following this technique, we solve Equation (1) considering the injection well located
at coordinate (0, 0) and the production well, located at coordinate (50, 50), at the opposite
end following the aquifers” diagonal. Both wells are maintained at a constant flux Qy,
implemented as a constant flux Neumann boundary condition at injection/recovery wells
and null flux Neumann at the rest of the boundary. As a result, we obtain the velocity
field V. In the next step, we use V to solve Equation (2), considering the initial condition
given by 6y with Dirichlet boundary condition equal to 6y in the injection well and null
flux Neumann condition for the rest of the boundary. Here, we use the coefficients Cy,
Ct, and K; given by Equations (3)—(5), and the volumetric heat dissipation W given by
Equations (7)—(8). As a result, we obtain a temperature profile §. The procedure restarts by
using 6 to solve Equation (1), at the next time step, through implicit Euler’s method.

The maximum relative error for the numerical method was obtained by comparing the
energy balance between the power P of the EM emitter with the energy stored, recovered,
and lost in the reservoir, obtained by the space-time integral of the first four terms of
Equation (2). For a six-year time, the relative error of numerical simulations was estimated
to be 1.2%.

4. Results and Discussion

Here, we present the results obtained in the two cases considered in Section 3. Our
discussion will focus on the amount of energy stored in the aquifer and, especially for
the second case, on the energy that can be recovered upon switching to the stored energy
production. All simulations use parameter values described in Table 1.
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4.1. Continuous Water Injection under EM Heating

Water at constant temperature of 35 °C is injected with constant Darcy’s velocity of
4 x 1075 (m/s), which corresponds to the pressure gradient of approximately 0.07 MPa.
Since the flow and temperature are symmetrical with respect to the central aquifer well,
we present the reservoir temperature distribution only for the first quadrant in Figure 3.
Figure 3a shows the 3D map of the obtained temperature distribution after 6 months’
continuous injection.

w
=3
o

Temperature [°C]
N
1S3
3

35

Temperature [°C]

[m]

(b) End of month 12 (recovery cycle).

w
=3
o

Temperature [°C]
N
S
3
Temperature [°C]

35

[m]

(c) End of month 66 (storage cycle). (d) End of month 72 (recovery cycle).

Figure 3. The temperature distribution inside the aquifer at different times: (a,b) correspond to the
storage cycles; (c,d) correspond to the recovery cycles.

The temperature profiles in Figure 4a correspond to the diagonal section in Figure 3 for
different times. Solid lines were obtained without thermal losses, while dashed lines were
obtained with C; = 0.02. As expected, after the heat wave moves towards the injection well,
we notice a stabilization in the reservoir temperature over time. Considering small heat
losses, the temperature profile shows deviation from the original one after three months,
as can be observed in Figure 3a. The change in the temperature of the reservoir is stable
during the energy storage cycle. As can be observed in Figure 3a, the traveling heat profile
remains uniform over time with decreasing velocity. When thermal losses are considered, a
small flattening of the heat front is observed. This temperature stability around the well
allows a controlled and effective recovery in the subsequent cycle.

365

— 1 day
——1 week

=6 months and 1 day
——6 months and 1 week
7 month

1 month
[——3 months

5} —_
& |——6 months| [ ——9 months
o = [——12 months
= Iz
£ 200 —cC =0 % —C,=0.00
g_ === C, = 0.02 5 —==-C, =0.02
£ - -C =004 2 — -c,=0.04
- T
e
35 cm e e ——————-
0 5 10 15 20 25 30 20 25 30
[m]
(a) First storage cycle (months 1-6). (b) First recovery cycle (months 7-12).

Figure 4. Cont.
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~ =
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(c) Last storage cycle (months 60-66). (d) Last recovery cycle (months 66-72).

Figure 4. The temperature distribution along the diagonal section of the aquifer for different times.
Storage cycles: (a,c). Recovery cycles: (b,d).

Temperature control is essential to avoid the formation of water vapor near the EM
emitter as it has a lower thermal capacity and can cause overheating. The simulations
show that the temperature rises considerably with decreasing the wellbore radius, and it
decreases with the increase in water injection speed. Thus, controlling the emitter power
and the injection flow rate is essential to maintain the temperature below 365.7 °C.

4.2. Energy Recovery

Following the case (b) from Section 3, we simulate the alternated water injection and
EM heating in six-month cycles. The wells are alternatively switched from injectors to
producers and vice versa. Figure 3b,d show the 3D temperature distribution inside the
reservoir after 12 months (end of the first recovery cycle) and 72 months (end of the last
recovery cycle). Figure 3c shows the 3D map of the obtained temperature distribution after
66 months at the end of the last storage cycle. The temperature profiles in Figure 4b,d
correspond to the diagonal section of the reservoir part plotted in Figure 3b,d, respectively.
The temperature profiles in Figure 4c correspond to the diagonal section in Figure 3c
for different times during the last storage cycle. As before, these profiles were plotted
neglecting thermal losses (C; = 0), using thermal losses estimated for this reservoir in
Section 2.2 (C; = 0.02) and using double thermal losses (C; = 0.04). The total energy
balance for the six-year simulation is shown in Figure 5, where the time is measured in
semesters. Electromagnetic waves emission is constant for six months during renewable
energy storage and switched off for the next six months during the energy recovery process.
The red curves show the energy recovered from the aquifer in semiannual cycles. The
recovery is made during the six months in which the electromagnetic emitter is turned off,
being interrupted during the electromagnetic emission period. For instance, in the first
year, the total amount of energy injected into the reservoir is 287.71 GJ, while the energy
recovered is 222.40 GJ. This implies that part of the energy remains in the reservoir (C; > 0)
or is lost (C; > 0). The corresponding energy balance is discussed in more detail in the
next section.

4.3. Energy Balance

From Figure 5, one can see that there is a difference between emitted and recovered
energy. In order to evaluate this difference, Table 2 shows the relative amounts of energy
recovered, stored, and lost in one-year cycles corresponding to different values of thermal
losses. The data indicate that the fraction of the recovered energy increases due to the
reservoir heating up. This is clearly illustrated by the ideal case (without thermal losses)
where the stored energy diminishes from 18.9% to 13.2% throughout the simulations
(6 years). The effect of thermal losses leads to a reduction of the recovery energy but does
affect the energy stored. For the heat losses upper bound, we consider the value C; = 0.04,
double the value estimated for the considered parameters. For such high thermal losses
coefficient, we note that more than 69% of emitted energy can be recovered, indicating the
potential efficiency of the proposed technology.
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Figure 5. Comparison between the total emitted EM energy and recovered energy over time.

Table 2. Comparison of relative amounts of recovered, residual stored, and lost energy.

=0 C; = 0.02 C; = 0.04
Yr. Rec. R. St. Lost Rec. R. St. Lost Rec. R. St. Lost

81.1% 18.9% 0% 73.8% 15.5% 10.7% 67.4% 12.7% 19.9%
83.2% 16.8% 0% 75.2% 12.6% 12.2% 68.3% 9.6% 22.1%
84.5% 15.5% 0% 76.0% 10.7% 13.3% 68.8% 7.6% 23.6%
85.5% 14.5% 0% 76.6% 9.2% 14.2% 69.2% 6.2% 24.6%
86.2% 13.8% 0% 76.9% 8.1% 15.0% 69.4% 5.2% 25.4%
86.8% 13.2% 0% 77.3% 7.2% 15.5% 69.5% 4.5% 26.0%

NU = W=

Notice that the energy required to heat the reservoir remains approximately the same,
independent of the emitter power. Thus, the relative residual stored energy will be more
considerable for the lower EM energy emissions, consequently diminishing the relative
recovered energy.

The comparison between the proposed technique and a simple thermal energy injec-
tion rely on heat losses in the injection/production wells. In Section 4.4, we estimate the
heat losses for different well sizes used in industry and different sealing materials. The
estimated significant heat losses justify the EM heating technique.

4.4. Wellbore Heat Losses

Several works in the literature discuss the thermal losses in injection/production wells
where water is preheated on the surface and later injected into reservoirs [39-42]. The
authors concluded that thermal losses could be significant depending on the geometry and
materials that make up the well and its surroundings.

The mathematical model based on Fourier’s law describes the heat flux Q (W) in
the injection/production wellbore, which, through the tubing surface and the external
composition layers (steel, cement, and rock formation), is given by

QH = 27'(1’touto(9h — QS)AH, (9)

where 14, is the tubing outside radius, & is the depth, and 6; is the formation steady
temperature. The overall heat transfer Uy, and cement/formation interface temperature 6j,
are presented in [40] as

wa(t) + sts/(rtouto)
f(t) + ks/(rtouto) ’

ro In(rt0/171)
ke

-1
Uy = [ ] and 6, = (10)
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where 1y, is tubing internal radius, 6}, is the cement/formation interface temperature,
ke is cement thermal conductivity, ks is formation thermal conductivity, and f(t) =
In(2\/t/rc) +0.29 is transient heat conduction function, where ¢ is thermal diffusiv-
ity of the Earth and ¢ is time. Following this procedure, we estimated the thermal losses for
different types of wellbore (see Table 3).

Table 3. Heat losses in the wellbore during 6 months (one injection cycle).

Diameters [in] Th. Conductivity [W/m.K] Depth [m] Heat Losses %
Dyup Dcas Ks K, H HL
5 73/5 14 0.2 1000 147
73/5 93/4 1.4 0.2 1000 2.18
93/4 20 2.8 04 2000 2.35
5 73/5 2.8 04 2000 5.90
93/4 12 1.4 0.2 1000 8.85
93/4 12 2.8 0.4 2000 10.6

The estimation results suggest that thermal losses in the well can be significant when
the tubing diameter increases and the thickness of the cement used to fix and insulate
the wellbore is thinner. In addition, the thermal conductivity of the cement and the rock
formation around the well contribute to the loss of energy storage efficiency. The estimated
thermal losses could exceed 10% of the energy. The electromagnetic heating method is
an alternative to avoid the thermal losses during the injection process; it allows thermal
energy to be stored more effectively.

5. Conclusions

We investigated heat storage into deep high-temperature aquifers by numerical sim-
ulations validated by controlled laboratory experiments. The processes are reminiscent
of high-temperature energy storage (HT-ATES). The following main conclusions can be
drawn from this study:

*  The proposed EM heating technique could be used to produce a stable thermal front,
spreading the energy through the aquifer with temperatures below the boiling point.

¢ Our simulation results show that even considering excessive thermal losses, the EM-
heating-assisted water flooding can recover up to 70% of the stored energy. In terms
of efficiency, this value is also comparable with the low-temperature ATES as reported
in the literature.

¢ The energy balance estimate in the wellbore shows that down-hole EM heating can
reduce energy losses for the deep aquifers (>1000 m), which can be notable if the
water is heated at the surface.

In summary, the results discussed in this work present the use of EM-heating-assisted
water flooding as a promising alternative for the storage of renewable energies in deep
aquifers with high temperatures (HT-ATES).
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Appendix A. Model Validation

This validation procedure can be found in [28] (we present it here for the sake of
completeness), where analytical solutions were presented and compared with laboratory
experiments and numerical simulations. Analytical solutions for a similar system of equa-
tions describing the thermal-hydro coupling effect during energy extraction in geothermal
reservoirs can be found in the literature (see [43,44]).

In order to validate the model presented in this paper, we retrace the laboratory-scale
experiments of water injection in a porous medium under high-frequency EM heating [20].
The experiments were conducted in the presence of oil, but oil plays a passive role in
comparing the model and experiments. A conventional EM microwave emitter, a conical
EM wave guide, and the core-holder were placed inline in the Faraday cage to contain the
radiation. The wave guide’s conical shape was specially designed to direct the emitted
microwaves towards the inlet section of the core. The core structure was formed by a
cylindrical case around the porous medium composed of Bentheimer Sandstone. A high-
precision pump was used to inject water into the core. Fiber-optic temperature sensors
were placed at a distance of 2, 5, 9, and 14 cm from the injection point.

From the set of experiments carried out, two were selected for the validation of our
model. Table A1 summarizes all parameters of these experiments, which were also used in
simulations. The only parameter that was not provided is the electromagnetic attenuation
constant. Thus, using the data obtained by the temperature sensors and the relative data
process, we can estimate its value as « = 2.8 1/m.

Table Al. Physical parameters used in modeling validation.

Symbol Physical Quantity Exp A Exp B Unit (S)

L Reservoir length 0.17 0.17 [m]

A Cross-section area 1.13 x 1073 1.13 x 1073 [m?]

0o Initial temperature 308.15 308.15 [K]

« EM energy absorption 4.8 2.8 [1/m]

P EM emitters power 45 40 [W]

D Darcy velocity 0 2.8 x107* [m/s]
Ct System specific heat 2.253 5.058 [MJ/m3-K]
Cy Total fluid specific heat 3.52 0.924 [MJ/m3-K]
K; Total system thermal conduc. 1.824 1.9216 [W/m-K]
] Thermal losses coefficient 0.0 7.0 [KW/m3 K]

Experiment A:

In this experiment, the porous medium is completely saturated with water at room
temperature. After stopping the water injection, the electromagnetic wave emitter is turned
on, and the optical sensors measure the temperature over time without water flooding. For
numerical simulations, we disregard the convective term of Equation (1). The boundary
conditions consider the Neumann condition null on both borders. For the initial condition,
we consider water’s ambient temperature. The specific parameters used in numerical
simulations are given in Table A1, and the results are shown in Figure A1.
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Figure Al. Temperature profiles for Experiment A (EM heating with no water flooding). The
continuous lines represent the model’s solution, and the dots represent data obtained by optical
thermometers [20].

Experiment B:

In this experiment, the porous medium is saturated with water and oil. Then, water is
injected at a constant flow simultaneously with electromagnetic heating. For the numerical
simulation, we considered the ambient water temperature as the initial condition. The
boundary conditions were defined considering the Neumann condition null at the outlet
and Dirichlet with a linear increase at the inlet. The specific parameters used in numerical
simulations are given in Table A1, and the results are shown in Figure A2.

Notice that in Figure Al there are differences between the experiment data and nu-
merical simulations. The explanation, according to authors [20], is that the air inside the
Faraday cage around the core begins to heat up quickly, according to Fourier’s law. They
believe that this difference decreases according to the stabilization of the air temperature
inside the Faraday cage with time. We believe that on the reservoir scale, especially for
deep aquifers, this temperature variation is less significant.

Taking into account the experimental errors, one can observe that the proposed model
captures the correct qualitative behavior observed in the experiments. This supports the
overall approach adopted in our paper.
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Figure A2. Temperature profiles for Experiment B (EM heating and flooding). The continuous lines
represent the model’s solution, and the dots represent data obtained by optical thermometers [20].
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