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ARTICLE INFO ABSTRACT

Keywords: Information on the temperature distribution of subsurface reservoirs is essential for geothermal energy devel-
Tracer opment. One of the promising tools to detect the reservoir temperature distribution is temperature-reporting
Nanoparticle ) nanoparticle tracers whose functionality has been extensively investigated in both theoretical and experi-
”l(;zr;izrre::;e-reportmg mental ways in the last decade. However, most related studies were limited to simplified geometries and ignored

the dynamic interplays of fluid flow, heat transfer, transport and reaction of the temperature-reporting nano-
particle tracer. The response behavior and working mechanisms of such nanotracers in a realistic three-
dimensional system still have not been fully revealed through a systematic study. In this work, we develop a
numerical modeling approach to simulate field implementation of these nanotracers in a fractured geothermal
reservoir. This study aims to evaluate whether the injection of multiple temperature-reporting nanoparticle
tracers with different thresholds can be used to estimate the temperature distribution and provide information on
the thermal and geological heterogeneities. Several scenarios have been investigated for the geothermal reservoir
including homogeneous and non-homogeneous cases (e.g., thermal and geological heterogeneities). Our ob-
tained results from the nanotracer breakthrough curves show that the deviation temperatures in peak concen-
tration values provide an upper limit of the lowest temperature and precise highest temperature for the reservoir
temperature range. The deviation temperature of the peak arrival time curve accurately estimates the highest
temperature along the main streamlines between the wells. The proposed analysis curves based on the nanotracer
breakthrough data were visibly affected by geological heterogeneities including their conductivities and orien-
tations as well as thermal heterogeneities in the geothermal reservoir.

Reservoir characterization
Tracer breakthrough curve

1. Introduction permeability and fluid flow rate, in impermeable and low heat flow

regions. Nonetheless, to improve the economic benefits and reduce in-

Geothermal energy is a clean, renewable and sustainable alternative
to traditional energy sources of fossil fuels for direct heat utilization and
electricity generation (Moeck, 2014). According to the World
Geothermal Congress (2023), a total of 1476 PJ (410 TWh) of
geothermal energy was used globally in 2022, a 44% increase from
2020, with geothermal heating and cooling of buildings accounting for
about 79% of the total. While major geothermal systems are restricted to
structurally dynamic or volcanically active regions (Lund et al., 2008; J.
W. Tester et al., 1989), enhanced geothermal system (EGS) technology
radically expands the global geothermal potential through hydraulic/-
thermal/chemical stimulation on target reservoirs to enhance
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vestment risk in geothermal projects, reservoir characterization is
particularly needed to evaluate subsurface heat/energy utilization ca-
pabilities in terms of geothermal power generation, as well as the
management, maintenance and sustainability of operational plants
(Domra Kana et al., 2015; S.-M. Lu, 2018; Olasolo et al., 2016). In
general, geothermal reservoir characterization includes assessing
reservoir conditions such as estimating temperature profiles (i.e., tem-
perature range and distribution), surveying well-to-well or inter-well
connectivity (Dashti et al., 2023) and extrapolating the volume of the
fractured zones (B. Sanjuan et al., 2006). Among all reservoir charac-
teristics, temperature profiles are critical for geothermal energy
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exploration and assessment in the geothermal reservoir (re-)siting step,
as well as for evaluating reservoir thermal performance (e.g., thermal
breakthrough prediction due to reinjection of cooled geothermal fluid)
and adjusting production strategy in the production step. Nevertheless,
the reliable and accurate measurement or estimation of temperature
profiles throughout the lifecycle of geothermal energy development has
always been a major, complex and difficult challenge for geothermal
reservoirs (Frey et al., 2022).

Common methods to measure or estimate temperature profiles
include wellbore measurements, geothermometers, analytical/numeri-
cal models and tracer tests. Temperature measurements at or near the
wellbore do not provide temperature distributions between injection
and production wells due to the limited space of the wellbore in the
geothermal reservoir. Since the introduction of geothermometers in the
1960s, geothermometer technology has continued to advance in-situ
temperature measurements by evaluating sensitive parameters with
respect to the chemical equilibrium of fluids and reservoir rocks (e.g.,
aluminum concentration, pH, vapor loss, etc.) (Fournier and Rowe,
1966; Nitschke et al., 2017; B. Sanjuan et al., 2014; Ystroem et al.,
2020). However, the spatial distribution of reservoir temperature is still
unknown using geothermometers. Gringarten et al. (1975) presented an
analytical solution for temperature determination, based on pure fluid
flow and heat transfer in a hot-dry rock reservoir with infinite, equi-
distant and parallel fractures. Following that, many researchers (P.
Cheng, 1979; A. H.-D. Cheng et al., 2001; Fox et al., 2016; Tang et al.,
2020; Wilkins et al., 2021) continued to develop analytical solutions and
numerical simulators to predict the temperature distribution in frac-
tured geothermal reservoirs. Nevertheless, with the large uncertainties
in the geometry of fractures (e.g. aperture, scale, spacing and network)
and heat transfer of unfractured zones, their results can only serve as
references in practice, although these results are sometimes informative.
To compensate for such shortcomings, conservative solute tracers (Erol
et al., 2022; Pollack et al., 2021; Robinson, 1985; Robinson and Tester,
1984; Williams et al., 2010; Xu et al., 2022) and adsorbing solute tracers
(C. Dean et al., 2012; Hawkins et al., 2018; Leecaster et al., 2012; Wil-
liams et al., 2013) which are able to adhere to the fracture surface were
used in field tests to identify key geometry properties (i.e., heat transfer
surface area, fracture aperture, etc.) of geothermal reservoirs, assisted
by fitting analytical solutions of tracer transportation. Utilizing the ob-
tained geometry properties, the reservoir temperature distribution is
roughly estimated by using analytical or numerical models for heat
transfer (Robinson, 1985; Williams et al., 2013). In addition,
temperature-dependent degrading (Arrhenius reaction kinetics) solute
tracers are proposed to infer the average reservoir temperature in fields
by analytically fitting the tracers’ degradation characteristics (Plummer
et al., 2010; Plummer et al., 2011; P. E. Rose, 1994; J. W. Tester et al.,
1987). It should be noted that the reaction rates of such kind of tracers
vary with the environmental temperature and this method only provides
the average reservoir temperatures without spatial temperature infor-
mation in a single test. Although solute tracers have been used in many
fields for temperature estimation in fractured geothermal reservoirs, the
combined effects of their diffusion and interaction with reservoir rocks
as well as highly mineralized reservoir fluids give rise to less reliable
tracer tests due to the high mass loss, low detectability and collectability
of the solute tracers (Aydin et al., 2022; Rudolph et al., 2020; Vitorge
et al., 2014).

To eliminate deficiencies in solute tracer tests, nanoparticles with
controllable size, structure and physical and chemical properties are
utilized to measure or estimate temperature profiles in geothermal res-
ervoirs by different transport (e.g., low diffusion) and working mecha-
nisms from solute tracer (Divine and McDonnell, 2005; X.-Z. Kong et al.,
2018; Redden et al., 2010). One kind of tracer named ‘temper-
ature-sensitive nanotracer’ is attractive and utilized to detect thermal
drawdown and average temperature by quantifying the extent of tracer
degradation. The degradation starts from a certain temperature
threshold and its rate is influenced by the environmental temperature
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(Axelsson et al., 2001; Nottebohm et al., 2012; Robinson et al., 1988)).
Many theoretical and experimental studies have been done to investi-
gate the performance behavior of temperature-sensitive nanotracers.
For example, theoretically, Ames et al. (2015) used the analytical so-
lution of tracer distribution in the one-dimensional model to inversely
predict the thermal drawdown. However, their work does not consider
the dynamic interplays of heat transfer, fluid flow, transport and reac-
tion of the nanotracer. In addition, Alaskar et al. (2015) analytically and
experimentally exhibited the prospects of temperature-sensitive nano-
tracers for forecasting the thermal drawdown. In 2021, a field demon-
stration of temperature-sensitive nanotracers by Hawkins et al. (2021)
showed that the estimated effective inter-well reservoir temperatures
have an error of less than 5 °C from the true values. However, the above
studies have not demonstrated how inter-well test results from
temperature-reporting nanotracers are related to geological heteroge-
neities, temperature distributions and well positioning.

Different from the degradation principle of a temperature-sensitive
nanotracer after reaching the temperature threshold, a novel tracer
called a ‘temperature-reporting nanoparticle tracer’ (also ‘temperature-
reporting nanotracers’ for simplicity) can be quickly, fully and irre-
versibly converted when the environmental temperature reaches a
certain threshold, are being studied to characterize the temperature
distribution of geothermal reservoirs (Puddu et al., 2016; Rudolph et al.,
2020). It was Williams et al. (2010) and Alaskar et al. (2011) who first
introduced a dye-release mechanism, wherein encapsulated dyes are
released from the nanotracer upon reaching a specific temperature
threshold. France et al. (2014) studied polymer microcapsules encap-
sulating dyes that release dyes at a certain temperature threshold.
Alaskar et al. (2015) experimentally developed irreversible thermo-
chromic microspheres and dye-attached silica nanoparticles and
exhibited their prospect as temperature sensors for forecasting the
thermal drawdown analytically and experimentally. Puddu et al. (2016)
invented the submicrometer-sized particle, demonstrating for the first
time the feasibility of using nucleic acid damage quantitatively to
measure temperature. Rudolph et al. (2020) conducted experiments to
develop temperature-reporting nanotracers by silica particles synthe-
sized with the core-shell-hull layers. The outer dye in the nanotracer is
released irreversibly once the environmental temperature is above its
thresholds, giving rise to changes in the structure of the developed
nanoparticle tracers. Nevertheless, these works primarily focused on
concept development, laboratory research and analytical analysis.

The motivation of this work is to investigate whether temperature-
reporting nanotracers can be used for the characterization of 3D
geothermal reservoirs related to reservoir temperature distribution
prediction, and provide methodologies that when applied enable the
development and exploitation of geothermal energy resources. Pres-
ently, there have not been theoretical studies to reveal the working
behavior of the temperature-reporting nanotracers, nor have these
nanotracers been tested in realistic 3D geothermal reservoirs. The
mutual interplay among fluid flow, heat transfer, transport and reaction
of the temperature-reporting nanotracers and reservoir heterogeneity
necessitates a detailed investigation. In addition, how to design and
implement a temperature-reporting nanotracer test in geothermal res-
ervoirs is also questionable. Therefore, numerical simulation can be
utilized as a useful approach to shed light on these issues and help us
gain insight into the potential of implementing temperature-reporting
nanotracers in the field.

The goal of the current work is to study the working mechanisms (i.
e., transport, reaction, distribution and resulting concentration break-
through curves) of temperature-reporting nanotracers in synthetic but
typical 3D fractured geothermal reservoirs as well as their performance
in the detection of reservoir temperature distributions through
analyzing its breakthrough data. To achieve that, a numerical modeling
approach is developed for the reaction of temperature-reporting nano-
tracers. The novelty of this work is the application of a new analysis
method based on the peak information of nanotracer breakthrough
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curves proposed to estimate the temperature along the tested injection-
production positions and reservoir temperature range of the fractured
geothermal reservoir.

The paper is organized as follows. We first present the employed
methodology for modeling temperature-reporting nanotracer transport
in fractured geothermal reservoirs, including the reaction mechanism of
temperature-reporting nanotracers and numerical modeling ap-
proaches. Secondly, the potential of temperature-reporting nanotracers
in fractured geothermal reservoirs and the effect of well configuration
on the temperature-reporting nanotracers’ responses are evaluated in a
homogeneous model. Finally, the thermal distributions (i.e., different
temperature gradients and regional thermal anomalies) and effects of
reservoir heterogeneity (i.e., embedded by inclined zones) within the
geothermal reservoir are studied.

2. Materials and methods

A liquid solution is injected into the fractured geothermal reservoir
through the injection well for a short period, followed by pure water
injection the rest of the time. The solution is a mixture of water and
temperature-reporting nanotracers with different temperature thresh-
olds. The temperature-reporting nanoparticle nanotracers being simu-
lated are representative of silica particles synthesized with core-shell-
hull layers developed to characterize temperature distribution when
the environmental temperature reaches its threshold (Rudolph et al.
(2020)). The nanotracer breakthrough data are monitored in the pro-
duction well during the injection process.

The modeled physical and chemical processes consist of fluid flow,
heat transfer, transport and the reaction of temperature-reporting
nanotracers in the reservoir. The numerical models for simulating
fully coupled processes of fluid flow, heat transfer, transport and reac-
tion for temperature-reporting nanotracer are developed for the first
time and implemented in the finite element simulator-PorousFlow
module (Wilkins et al., 2021) within the MOOSE framework (Permann
et al., 2020). The relevant equations are described in detail below. The
numerical algorithm and validation of fully coupled processes among
fluid flow, heat transfer, transport and reaction for
temperature-reporting nanoparticle tracers are given in Appendices I
and II, respectively.

2.1. Governing equations

2.1.1. Fluid flow and heat transfer

Firstly, the fluid mass balance equation (Cacace and Jacquey, 2017)
for compressible and liquid-phase water flow in porous media is written
as:
%—&-V(pwuw) - 0,=0 (€8]
where ¢ is the porosity (—) of the porous medium, t represents time (s),
the subscript w refers to water, p,, is the pressure (Pa), T is the tem-
perature (K), p,, = p,,(pw, T) is the water density (kg-m~) as a function
of pressure and temperature, u,, is the Darcy velocity (m-s™!) and Q, is
the water mass source (kg-m >-s™1).

The Darcy velocity u,, (Qiao et al., 2018) is given as:

k
Uy :/T( = Vpy +,0Wg) ®))

w

where k is the reservoir permeability (m?), p,, = ,, (D, T) refers to the
water viscosity (Pa s) as a function of pressure and temperature, and g is
the gravitational acceleration (m-s2).

Secondly, the heat transfer equation (T. Kohl and Rybach, 1996) for
both solid and water in the porous media is written as:
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aT
[d)cb,wpw + (1 - d’)cp«spx] o [d)ﬂw + (1 - d’)}“:] VZT+pwcp~w’quT
—0r=0 3

where the four terms on the left side individually represent a transient
variation of temperature, heat conduction, heat convection and heat
source. The subscript s represents the solid phase, c,, and c,; are
separately the specific heat capacity of water and solid (J-m 3.K 1), Ps
denotes the solid density (kg~m’3), T is the temperature (K), 4,, and A
refer to the heat conductivity of the water and solid W-m 1K Hand Qr
is the heat source (W-m™3).

2.1.2. Reaction and transport of temperature-reporting nanoparticle tracers
(a) Reaction Process

Fig. 1 illustrates the working mechanism for reporting temperature
information of the temperature-reporting nanotracer which are silica
particles synthesized with the core-shell-hull layers. Specifically, the
hull melts/degrades, dyes are released and the structure of the devel-
oped tracer (reactant) changes when the environment temperature ex-
ceeds the temperature threshold of the temperature-reporting
nanotracer. The product resulting from this temperature-dependent re-
action is our research focus. The released dyes only act as indicators of
the reaction completion degree in the lab, without directly reflecting
temperature changes (Rudolph et al., 2020). In addition, dyes may
interact with highly mineralized reservoir fluids and adsorb onto the
reservoir rock. Therefore, in this study released dyes are not involved in
the temperature reporting mechanism.

In the following, we present our numerical approach for simulating
the temperature-reporting nanotracers reaction. Referring to Fig. 1, the
relevant reaction can be described as follows:

: T>Tpre. prod.
Crpe——C1,, “)
where CT denotes the concentration of reactant and C‘}:}‘l’d is the cor-
responding product’s concentration after the reaction. Ty, refers to the
temperature threshold of the reactant.

(b) Transport Process
Each temperature-reporting nanotracer with a certain temperature

threshold has a group of the two advection-diffusion equations (Shan
and Pruess, 2005) for both reactant and product:

Credl.'.
= Ve (Dvc;:j;j) YVe (uw c;fj;fj) ~ Qe =0 (5)
acl;_;"d wrod. prod.
— e — Ve (DVCE) +V o (0, C7%) — Qs =0 (6)

Tihre.

where D refers to the diffusion coefficient (m2~s’1), u,, is the Darcy ve-

locity (m-s™H), Qcpeee and Qe represent the mass source of reactant
thre. Tihre.

and product (kg-m~>s71), respectively. Here we assume that the
nanotracers are well mixed with water as components of the liquid so-
lution and the gravity segregation between water and nanotracer is
ignored due to the low mass fraction (<10’3) of nanotracers in the
liquid. In addition, for simplicity we do not consider the deposition and
aggregation of nanotracers during the flow process.

The detailed discretization and algorithm for solving the fully
coupled processes of fluid flow, heat transfer, transport and reaction of
temperature-reporting nanoparticle tracers are given in Appendix I.
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product

core

Fig. 1. Schematic representation of the working mechanism of temperature-reporting nanotracers: the dye released from the shell of the nanoparticles upon

exceeding the temperature threshold (reproduced from Rudolph et al. (2020)).

2.2. Model description and input data

Our model is inspired by a typical fractured reservoir setting such as
Soultz-sous-Foréts EGS (Egert et al., 2020) which contains several
irregularly distributed fractures. In this study, a highly permeable and
thin reservoir is used to mimic a fracture (¢ = 1). We use the model
settings illustrated in Fig. 2 (a). The reservoir model consists of two types
of 600 m thick rocks: an inner stimulated (called ‘inner reservoir’) and
an outer non-stimulated reservoir (called ‘outer reservoir’). Both are
covered by low permeable caprock and underlain by a low permeable
bedrock. The ground surface temperature is assumed to be 20 °C and the
initial geothermal gradient is 0.05 °Cem . The initial pressure distri-
bution is based on the hydrostatic gradient. For the model boundary
conditions, we use a constrained (initial) pressure and (initial) temper-
ature at the top (2 km depth) and a constant (initial) temperature at the
bottom (3.6 km depth). The other facies of the model are set with closed
boundaries.

We assume two wells into the inner reservoir, each having three
possible injection/production points, thus leading to nine model con-
figurations with different fluid/tracer schemes. The reservoir depth is
between —2.5 km and —3.1 km and extending —0.5 km-0.5 km hori-
zontally. The unstructured mesh consisting of tetrahedral elements was
created by the GMSH software (Geuzaine and Remacle, 2009). The
element size differs between 1 m (around the wells) and 400 m (close to
the boundaries) with a typical element size of 25 m inside the inner
reservoir. Mesh sensitivity analysis is shown in Appendix III. The
physical properties of rock and fluid are summarized in Table 1 and
Table 2, respectively.

Tracers (conservative and temperature-reporting nanotracers with

Geological units

I N e I

Caprock Outer Inner Bedrock
reservoir reservoir

different temperature thresholds) are injected only on the first day at a
mass rate of 6 g s~ ! for each tracer, whereas the injection and production
flow rates of water are constant at 40 L s™! for five years. The water is
injected at a constant temperature of 70 °C. The inner reservoir has a
thickness of 1 m in the X direction and has a permeability of 5.10 ! m2.
As shown in Fig. 2 (b), the initial temperature range is 145 °C-175 °C for
a reservoir depth interval of 0.6 km. Three alternative injection points
11, I2 and I3 as well as production points P1, P2 and P3 have depth
positions of —2.7 km, —2.8 km and —2.9 km, respectively see Fig. 2 (b).

3. Results and discussions

Several numerical simulations are conducted to illustrate the work-
ing mechanisms of temperature-reporting nanotracers by analyzing the
response behavior from the data collected at the production well. Firstly,
a case with homogeneous permeability of the inner reservoir is tested.
The main purpose is to understand how the velocity field obtained from
different well positions affects the breakthrough curve response of the
temperature-reporting nanotracers for a given initial temperature dis-
tribution. The breakthrough concentrations of these nanotracers are
analyzed by extracting the peak information (i.e., peak concentration
values and peak arrival time) from their breakthrough concentration
curves. Secondly, more complex features are added to the model to
investigate the effect of inclined zones (with different permeabilities)
embedded within the reservoir and different thermal distributions.

3.1. Reference case: homogeneous system

The temperature-reporting nanotracers we use in this example have

145°C
150°C
155°C
160°C

165°C

170°C

175°C
Y [km]

Fig. 2. The reservoir model was used in this study. (a): A thin and homogeneous reservoir (permeability = 5.10"'! m?) located within a 3D model. (b): Three
injection (I1, 12, I3) and three production (P1, P2, P3) well positions embedded in the simplified reservoir model. The dimensions of the inner reservoir are (1 kme0.6
kme1l m) and the initial reservoir temperature distribution ranges from 145 °C to 175 °C.
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Table 1

Properties of the rock (Bachler et al., 2003; Baillieux et al., 2013).
Properties Symbols Units Caprock Outer reservoir Inner reservoir Bedrock
Porosity ) - 0.01 0.1 1 0.01
Permeability k m? 10718 51071¢ 510711 1072
Density P kgm™3 2600 2600 2600 2600
Specific heat capacity [ Jkg l oK™t 850 850 850 850
Heat conductivity 2 Wm!oKk! 2 2 2 2

rates.
Table 2
Fluid properties (L. Smith and Chapman, 1983). .
prop ( P ) 3.1.1. Interdependency among fluid flow, heat transfer, transport and
Properties Symbols Units Value reaction of temperature-reporting nanoparticle tracers
Water To illustrate the temperature distribution and associated flow re-
Bulk modulus Ky Pa . 210" gimes related to the tracer test, consider two well positions: I1P1 and
Density Pw kg m 1000 z—w 11P3. The results are depicted in Fig. 3 when the conservative nanotracer
= et w . . . .

Viscosity P Pas /1)“6_3 concentration reaches its peak concentration at the production well (80
Specific heat capacity C:w Jkg 1K ! 4000 days for I1P1 and 90 days for I1P3). The nanotracer is transported to-
Heat conductivity I WmK! 0.6 ward the production well, following the displayed fluid flow directions.
Nanotracer The fluid (i.e., water well-mixed with nanotracers) flow direction is
Diffusion coefficient D m?s1 4.10712

different temperature thresholds from 145 °C to 180 °C with variations
of 5 °C. For specific and detailed investigations, the temperature
threshold differences were refined to 1.25 °C in part of the temperature
range. It should be noted that the selected temperature threshold range
of the nanotracers is valid only for our numerical model setting. In future
nanotracer field tests, the temperature threshold range can be estimated
from a simplified linear relationship between reservoir thickness and
temperature data at or near the wellbore from the exploration and well-
drilling stages. Conserved nanotracers are co-injected for comparison.
Nine scenarios of injection-production position setup are simulated with
the same well operating conditions, injected materials and volumetric

Temperature [°C]
100 125 150 175

/__5_.;—>\&\ \

| —" —_——— e

-
o
=
v

— = _»_,,,,.,»/'/
—_—
£
-
=
N
©
o
-

essentially based on the fluid velocity which is computed from Equation
(2). It does not indicate its magnitude. The fluid flow direction together
with the velocity field (subplots a2 and b2) reflect the streamlines of
fluid flow.

The volume around the injection point cools down (Fig. 3 (al) and 3
(b1)) since the injected water has a lower temperature. The temperature
field is asymmetrical due to the flow field not being aligned with the
initial temperature distribution. The injected fluid sweeps the reservoir
symmetrically around the main streamline region towards the produc-
tion point but is affected by the reservoir boundaries. The overall
magnitude of fluid velocity for both I1P1 and I1P3 (Fig. 3 (a2) and 3
(b2), respectively) is similar along the main streamlines since the in-
jection and production rates are the same.

Fig. 4 illustrates the nanotracer concentration distribution for three

Darcy velocity [m-s-]
75107 7.510% 7.510° 410+

Fig. 3. Typical thermal and hydraulic states of the reservoir (depth range 2.5-3.1 km): (1) Temperature and fluid flow direction distribution and (2) velocity fields at
80 days and 90 days which correspond to concentration peaks of the conservative nanotracer collected at the production well when the injection-production points
(a) I1P1 and (b) I1P3 are chosen, respectively. The black lines in (a) and (b) are the reservoir temperature contour and Darcy velocity distributions, respectively.
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Ceons. [mg-L™"]
2 2.9

11P1 at 80 days

11P1 at 300 days

Z [km]

11P3 at 90 days

11P3 at 160 days

Cprod.

160°C
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prod.
Cl 70°C

[mg-L~1] [mg-L~]
145°C
150°C
155°C
160°C

165°C

/170°C

175°C
145°C
150°C
165°C
160°C
165°C
170°C
175°C
145°C

Fig. 4. Distributions of conservative nanotracer and temperature-reporting nanotracers with Tyye. = 160 °C, 170 °C. (a, b): I1P1 setup at 80 and 300 days (peak
arrival time of conservative nanotracer and nanotracer with Tyye. = 170 °C); (c, d): I1P3 setup at 90 days and 160 days (peak arrival time of conservative nanotracer
and nanotracer with Ty, = 170 °C). The black contours with their magnitudes on the right clearly show the reservoir temperature distribution.

types of nanotracers: one conservative (Cos) and two temperature-
& and ™% ) with temperature threshold
T160°C Tl70°C

160 °C and 170 °C, respectively. We track only the converted

reporting nanotracers (

temperature-reporting nanotracer concentrations (C‘};‘l’j) as the sum
with unconverted nanotracer concentration is preserved (acting as a
conservative nanotracer). Injection-production position setups are still
I1P1 (Fig. 4 (a) and 4 (b)) and I1P3 (Fig. 4 (c) and 4 (d)). In each case,
two groups of times were selected for plotting: the former are 80 days
and 300 days and the latter are 90 days and 160 days, which individu-
ally correspond to the peak arrival time of conservative nanotracer and
temperature-reporting nanotracer with Ty, = 170 °C in the I1P1 case
and the I1P3 case, respectively.

In the case of I1P1, conservative nanotracer flows from the injection
point to the production point, covering both shallow and deep parts of
the reservoir (Fig. 4 (al) and (b1)). The high-concentration part of the
conservative nanotracer is best maintained along the main streamline of
fluid, while the concentrations are more diffuse in the weak-current
region. This is associated with the nanotracer concentrations traveling
at different speeds and mixing with low fluid concentrations at neigh-
bouring streamlines. The temperature-reporting nanotracers can react if
they reach temperatures above their thresholds thus being converted. As
a result, shallow and deep formations with comparatively low and high
temperatures have different abilities to convert the temperature-
reporting nanotracers with their corresponding temperature thresh-
olds. From Fig. 4 (a2) and 4 (a3), there are large proportions of

converted temperature-reporting nanotracers with a threshold of 160 °C
in the lower half reservoir and only small amounts of converted
temperature-reporting nanotracers with a threshold of 170 °C appear in
the lower quarter reservoir. Above the middle reservoir, there is zero

concentration of C‘;’l‘;f(;c
nanotracers are not converted in the upper part of the reservoir.
Compared to the conservative nanotracer, the two temperature-
reporting nanotracers are just partly converted. Compared to the re-
sults in 80 days, the concentrations of the three nanotracers become

weakened after 300 days due to continuous production. In addition, the

d. . .
and C7”°  meaning that the corresponding

distributions of C‘}:‘;ﬁ;c and C‘}:‘;f;c are similar to each other after 300 days,
which reflects the slow tail production.

From case I1P1 to I1P3, the fluid flow direction has changed (see
Fig. 4 (al) and (c1)). The conservative nanotracer in Fig. 4 (al) and 4
(c1), flows through a wide region and a slightly longer distance to the
production point. The peak arrival time is thus longer with I1P3 than
with I1P1. However, when comparing Fig. 4 (b3) and 4 (d3), the peak
arrival time of the nanotracer with a 170 °C threshold is less with 11P3
(160 days) than with I1P1 (300 days) due to the shorter flow path to

cross regions where temperatures reach above 170 °C.

3.1.2. Well configuration impact on temperature-reporting nanotracer
breakthrough curve

As mentioned earlier, there are a total of nine injection-production
well positions. Fig. 5 summarizes the nanotracer breakthrough
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Fig. 5. Nanotracer breakthrough curves in comparison to the conservative nanotracer (blue points) with a total of nine injection-production well configurations.

concentrations at the production well, including both conservative
nanotracer and nine converted temperature-reporting nanotracers with
temperature thresholds varying from 150 °C to 172.5 °C.

The nanotracers are injected with the same concentration and can be
directly compared. The conservative nanotracer profile is always above
the other nanotracer profiles. The temperature-reporting nanotracers
are converted only when their thresholds are met in certain reservoir
regions.

Referring to Eq. (4), the sum of reactant and product concentrations
equals the conservative nanotracer concentration. When a nanotracer is
not fully converted, the product concentration is less than the conser-
vative nanotracer concentration. Therefore, in all subplots of Fig. 5, the
curves produced by the temperature-reporting nanotracers with low-
temperature thresholds, such as 150 °C and 155 °C, are very close to
the conserved one. In addition, high peak concentration values in these
nanotracer breakthrough curves normally correspond to short travel
time. On the contrary, the temperature-reporting nanotracers with high-
temperature thresholds such as 172.5 °C are less converted and have
lower peak values of concentration. They also take a longer time to reach
the peak concentration than those with low-temperature thresholds such
as 160 °C. Nanotracers with higher thresholds have to be transported
further to be converted.

The effects of injection-production positions are visible on the
nanotracer breakthrough curves in Fig. 5. Subplots (al) I1P1, (b2) I12P2

to (c3) I3P3 show that the magnitude of temperature-reporting nano-
tracer breakthrough curves increases towards the conservative curve
with deeper injection-production position. More nanotracer is converted
at a greater depth with higher temperatures. The process to reach their
corresponding peaks is also accelerated because the conversion happens
along (or closer to) the fastest streamline. The same trends apply to the
cases where well position I or P is constrained but the paired well po-
sition P or I moves towards the deep formation, referring to subplots
(al)-(b1)-(c1) in Fig. 5.

The results from injection-production positions I1P3 (Fig. 5 (a3)) and
I3P1 (Fig. 5 (c1)) differ, although the geometric settings are symmetri-
cal. The 162.5 °C nanotracer curve in subplot (c1) with I3P1 has a higher
magnitude than in subplot (a3) with I1P3. This difference is due to the
nanotracer starting at a high temperature in the first case, and not
meeting that high temperature along all flow lines in the second case.

3.1.3. Analysis of temperature-reporting nanotracer breakthrough curves
for reservoir characterization

A key factor that can be used to maximize the production of
geothermal energy is the knowledge of temperature which is the main
streamline of injected water experiences. Since the nanotracers follow
the water, the temperature-sensitive tracer information can, ideally,
reflect the temperature characteristics of the streamlines. Based on that,
a new analysis method is proposed to quantify reservoir temperature
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information from temperature-reporting nanotracer breakthrough
curves (such as Fig. 5). Peak concentration values and peak arrival time
are plotted versus the nanotracer temperature thresholds, see Fig. 6.
Temperature-reporting nanotracers with thresholds 175 °C and 180 °C
were not converted due to the highest reservoir temperature being
175 °C. Therefore, their peak concentrations in subplot (a) are zero and
the peak arrival time in subplot (b) does not exist. Here we need to
mention that it is important to use a broad range of nanotracer tem-
perature thresholds to cover the reservoir temperatures since the exact
temperature distribution is unknown in realistic field tests.

The curves of both peak concentration value and peak arrival time
versus threshold temperature have flat sections at low-temperature
thresholds, which correspond with the conservative nanotracer, indi-
cating full conversion. The temperature encountered on the flow paths
between the wells must therefore be above these thresholds.

When the peak concentration curves deviate from the flat sections,
for a nanotracer with a sufficiently high threshold temperature, some of
that nanotracer has traveled along a flow path with a temperature below
the threshold where it was not converted. In other words, the threshold
temperature at the transition from fully converted nanotracers to less
converted nanotracers indicates that there are flow paths not exceeding
this indicated temperature. This provides an upper limit of the lowest
temperature in the flow region. Similarly, when the threshold temper-
ature of the nanotracers becomes sufficiently high, they are not con-
verted (zero peak concentration) indicating no flow paths reach that
high temperature. Thus, the threshold temperature where the nano-
tracers firstly stop being converted is an indication and approximation of
the highest temperature in the flow region. As the sum concentration of
nanotracer reactant and product acts like a conservative nanotracer, this
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holds regardless of reservoir properties (this could change if the nano-
tracer interacted chemically different within the reservoir).

As indicated, there is an important precaution regarding the history-
dependent behavior of the nanotracers. If they have passed through a
region above the threshold temperature, they are activated regardless of
what happens later. Consider the difference between injection from a
deep towards a shallow producer, with injection from a shallow position
towards a deep position. (i) In the former case the high temperature is at
the injector and the different nanotracers are exposed to high temper-
ature from the start. They might not see much higher temperatures and
although there are lower temperatures downstream, they are already
activated, yielding a narrow range for the deviation thresholds. Such a
case mainly provides reliable information about the highest tempera-
ture. (ii) In the latter case the nanotracers are exposed to a low tem-
perature at the injector and take multiple directions having different
temperatures towards the producer. The initial high-temperature fluid
at the producer is produced before the nanotracers encounter it,
meaning the maximum interpreted temperature may be less than the
initial temperature at the producer. Some flow paths can however go
deeper to reach even higher temperatures.

In the following, the nanotracer temperature threshold at the turning
point of each nanotracer curve is discussed and compared to the tem-
perature along the injection-production positions. Consider first the
injector-producer pairs positioned at the same depth. In Fig. 2 (b), the
initial temperatures of I11P1, I2P2 and I3P3 are 155 °C, 160 °C and
165 °C, separately. In Fig. 6 (al) the peak concentration values deviate
at 151.25 °C, 156.25 °C and 161.25 °C, respectively. This means not all
the injected nanotracer was converted by the initial temperature sur-
rounding the injector. Keep in mind that the nanotracer mixture (and
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Fig. 6. Comparison of peak concentration (a) and peak arrival times (b) of the individual nanotracer types from the nanotracer breakthrough curves for different well
configurations. Thresholds from 145 °C to 180 °C and conservative nanotracers are shown.
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then water) is injected at 70 °C and thus the nanotracer needs some
residence time to reach a higher temperature. As seen in Fig. 3 (al) there
is a low-temperature region near the injector, while the temperature
distribution in the rest of the reservoir is less affected. Some nanotracers,
particularly the end of the slug, can follow paths that do not reach the
high initial temperatures. Concerning the peak arrival time in Fig. 6, we
observe a deviation from the horizontal section at 155 °C, 160 °C and
166 °C, which corresponds more closely with the initial temperatures at
the injectors and producers. In Fig. 6 (al), nanotracer peak concentra-
tions become zero when the temperature threshold approaches 175 °C.
This means the maximum temperature of the overall reservoir is below
175 °C (as confirmed in Fig. 4). While this high temperature was
detected in all three cases, the lowest temperature of the reservoir of
145 °C (see Fig. 4) was not detected by any. Flow lines were passing
through temperatures below 150 °C for the case [1P1 (Fig. 4), thus
145 °C might have been expected to be the highest stable point. Likely,
each flow line contained a region (close to the well) with a higher
temperature that activated the nanotracers, as suggested before. From
the above analysis, we conclude that it is generally difficult to estimate
the lowest temperatures in the reservoir. However, when the wells,
especially the injector, are placed shallower, the threshold temperature
where the peak concentrations start to decrease, becomes better, but not
reliable, estimates of the minimum temperature.

The results of inclined wellbore positions I1P3 and I3P1 are shown in
Fig. 6 (a2) and (b2). As seen in Fig. 4 for I1P3, flow lines pass through
both regions below 150 °C and above 170 °C and the same is true for
I3P1 by symmetry. For both cases, the concentration curves flatten
precisely at 175 °C, as for the three previous cases, indicating the
maximum temperature of 175 °C. The peak concentrations of I1P3 and
I3P1 cases deviate at 157.5 °C and 160 °C, respectively, close to the
initial temperature of 160 °C centrally between the two wells (Fig. 2).
This reflects that nanotracer needs to flow through regions with this
temperature whether it flows from the deep or shallow configuration.
Especially in Fig. 4, we see that for I11P3 all flow lines cross a tempera-
ture of 160 °C at the indicated time. The deviation threshold tempera-
ture is higher for I3P1, related to the nanotracer encountering higher
temperatures from the start. In Fig. 6 (b2), the peak arrival time deviates
for both I1P3 and I3P1 at a temperature threshold of 165 °C. This is
closer to the deeper wellbore’s initial temperature.

It is noticeable that the peak concentrations deviate at lower tem-
perature thresholds than the arrival time. As seen in Fig. 6 (a) and 6 (b),
the peak concentrations reduce while their arrival time stays the same.
This is related to where the nanotracers are flowing. The peak of the
conservative nanotracer represents the flow from the fastest flow lines
between the wells. When the nanotracer is converted along the same
lines, we also see the arrival of that nanotracer with the same peak,
however, when the nanotracer needs to take a longer path to be con-
verted, the arrival time is increased. Several of the colder streamlines at
the top of the reservoir may supply an unconverted nanotracer, yielding
less production and a lower peak concentration of the converted nano-
tracer. But as long as the main flow line between the wells has sufficient
temperature the arrival time is similar to the conservative nanotracer.
Similarly, we can suggest that the higher peak arrival time represents the
time needed for nanotracers with the indicated thresholds to pass
through flow lines with those temperatures. In Fig. 6 (b1l) the arrival
time of a nanotracer with a given threshold decreases when the hori-
zontally positioned well pair is deeper, because the main flow line has a
higher temperature and activates more nanotracers there, and because
the nearby flow lines also have a higher temperature. At shallow loca-
tions, the nanotracer needs to follow a long flow path to be activated.
Considering the inclined positioned wells (Fig. 6 (b2)), the arrival time
profiles are almost identical. They deviate from the flat section when the
threshold temperature exceeds the highest temperature of 165 °C along
the main flow line. Only flowlines deeper than the well pair reach higher
temperatures. With the flow pattern being symmetrical and most of the
temperature distribution remaining as the initial, the nanotracers are
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activated in the same flow lines for the two cases and get the same
arrival time.

To summarize the main points, temperature-reporting nanotracer
breakthrough curves can be interpreted as follows.

- The nanotracer peak concentrations as a function of threshold
temperature:

o Deviate from full conversion at a threshold temperature which is
an upper limit of the lowest temperature encountered along all the
flow lines. This is not a reliable estimate of the minimum
temperature.

o First reaches a zero value at a threshold temperature which is a
precise estimate of the maximum temperature in the flow region.
The estimate is improved by using multiple tracers with small
differences in the temperature thresholds.

- The nanotracer arrival time as a function of threshold temperature:

o Deviates from the arrival time of the conservative nanotracer at a
threshold temperature equal to the highest temperature along the
fastest/main flow line between the wells. This deviation temper-
ature is usually higher than that from the nanotracer peak con-
centration curve.

o Higher arrival time on the curve indicates the time needed to flow
along lines reaching the corresponding threshold temperatures.

In the following sections, we utilize the presented analysis method on
more complicated reservoir conditions, including Section 3.2 different
thermal distributions (varied temperature ranges at certain depths and
regional thermal anomalies) within the geothermal reservoir and Sec-
tion 3.3 inclined zones embedded within the reservoir. The purpose of
these investigations is to determine the impact of these thermal and
geological uncertainties on the analysis of performance evaluation of
temperature-reporting nanotracers in geothermal reservoirs. Schematic
illustrations of varied temperature ranges, regional thermal anomalies
and inclined zones are shown in Fig. 7 (a—c), respectively.

3.2. Impact of different thermal distributions in the fractured geothermal
reservoir

Temperature distributions and heat flux densities in the subsurface
can vary greatly depending on location. Values above average are
referred to as positive anomalies. Conversely, a negative anomaly in-
dicates a decrease in temperature or heat flux relative to the surrounding
mean. Thermal anomaly in subsurface formations is a common geolog-
ical phenomenon that can be caused by variations of thermal conduc-
tivities around structures such as salt domes, geological and tectonic
activity, geochemical reactions, or hydrothermal activities in faults and
fractures (Cherubini et al., 2013; Emry et al., 2020; Yan et al., 2023).
Subsurface formations with positive thermal anomalies are targeted as
areas of geothermal development for heat and electricity production
(Moeck, 2014). In the following, we investigate two scenarios impacted
by different local temperature gradients or a positive regional thermal
anomaly and whether they are detectable by the nanotracer analysis.

3.2.1. Different temperature ranges

We consider three different initial temperature gradients as shown in
Fig. 7 (a) where the middle of the reservoir is constrained to 160 °C.
Here, cases 1, 2 and 3 respectively correspond to temperature gradients
of 0.05 °C-m~%, 0.0375 °C-m 'and 0.025 °C-m~", with initial reservoir
temperature ranges of 145 °C-175 °C, 148.25 °C-170.75 °C and
152.5 °C-167.5 °C. Note that only the initial reservoir temperature
range is varied in the numerical model; the remaining parameters are
the same as in the reference case. Case 1 is essentially the reference case
studied in Section 3.1.

The resulting concentration peak and arrival time trends from the
nanotracer breakthrough curves are shown in Fig. 8 (a) and 8 (b) for
injection-production position setups I1P1 and I1P3. There is an obvious
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Fig. 7. Schematic representation of geological heterogeneities and temperature anomalies in a reservoir (a): Different initial temperature ranges with gradients VT
=0.05°C-m™, 0.0375 °C-m~! and 0.025 °C-m ™! along the inner reservoir depth from —2500 m to —3100 m; (b) Lower-left or lower-right located high-temperature
regions within the inner reservoir; (c): Left-inclined (LIZ) or right-inclined zones (RIZ) with higher, same, or lower permeabilities compared to the inner reservoir.
Note that the inclined zone with dimensions (1000 me600 mel m) is a plane perpendicular to the thin reservoir.

distinction among the curves of the three cases with different initial
temperature gradients. In Fig. 8 (c) the curve deviation temperatures are
compared with initial well temperatures (red markers) and initial
reservoir temperature range (grey bars) for additional well setups. Each
curve in Fig. 8 (al) and 8 (a2) flattens at zero concentration at a high
temperature. As discussed, this point indicates the maximum tempera-
ture, which is confirmed to be accurate by the comparison (top of the
grey bar and top green point) in Fig. 8 (c1) and 8 (c2). The lower tem-
perature deviation on the concentration curve, however, does not reli-
ably estimate the minimum reservoir temperature and is in some cases
above the lowest initial well temperature and, and some cases below.
The deviation temperature of the arrival time curve (blue marker) has
been noted to reflect the maximum temperature along the streamline
between the wells. As the reservoir is homogenous, this flow line goes
directly between the wells and the maximum temperature of this flow
line is likely to be approximately the highest initial well temperature.
This comparison (blue point and highest red point in Fig. 8 (c) is very
accurate (0-2 °C difference) for all 10 cases. We have thus demonstrated
accurate prediction of the highest reservoir temperature and main
streamline temperature.

When the initial temperature range (i.e. local gradient) increases the
estimated max temperature increases accordingly. For the horizontally
positioned wells, a higher gradient (thus lower min temperature) is re-
flected in a lower min temperature estimate for [1P1, but when the wells
are positioned deeper (I12P2 or I3P3), there is little to no difference with
the gradient. The flow lines then start at hotter temperatures (slightly
below the initial well temperature) and activate according to higher
temperatures than found at the top of the reservoir. Changing the
gradient for I1P3 also has little effect on the lower limit temperature
estimate, as the flow lines all pass 160 °C in the center.

The temperatures between the concentration turning points indicate
a possible reservoir temperature range. For a given well positioning the
jump of each curve in Fig. 8 (al) or 8 (a2) will become sharp when the
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temperature gradient decreases. Regardless of the initial temperature
gradients of the reservoir, subplot (c1) shows that the low reservoir
temperature obtained is dependent on the tested positions, the
maximum temperature can always be detected, and shallow tested lo-
cations such as horizontal I1P1 exhibit more effectiveness in measuring
reservoir temperature intervals. Looking at the inclined cases 11P3 and
I3P1 in subplot (c2), the estimation performance for reservoir temper-
ature ranges looks pretty generic.

3.2.2. Regional thermal anomalies

High-temperature regions are artificially added to the reservoir in
the lower-left or lower-right positions to mimic regional positive ther-
mal anomalies of up to 200 °C from deep radiant heat sources, see Fig. 7
(b). Note that only the high-temperature regions are added to the nu-
merical model, the remaining parameters are the same as in the refer-
ence case. The temperature thresholds of the nanotracers have extended
from 145 °C-180 °C-145 °C-205 °C with variations of 5 °C. For specific
and detailed investigation, the temperature threshold difference is
refined to 2.5 °C in part of temperature ranges. We compare tracer re-
sults in Fig. 9 (a, b) for a homogeneous case without thermal anomaly
(HOM), a case with left thermal anomaly (LTA), and a case with right
thermal anomaly (RTA).

The high-temperature region enhances the conversion of
temperature-reporting nanotracers with high thresholds in the deep
reservoir, see subplots (al) and (a2). The cases with LTA and RTA
produce nearly the same results for [1P1 in subplot (al), probably
because the streamlines are symmetric in the left-right direction and the
cooled-down region due to injection has not affected the high-
temperature distribution in the deep reservoir during the given period.
Nevertheless, when the injection-production position is changed to the
inclined I1P3, the difference between LTA and RTA is clearly distin-
guishable in subplot (a2) where the case with RTA results in higher peak
concentration values than with LTA. The streamlines from I1 to P3 flow
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perature where the arrival time curve deviates (estimating the highest temperature on the main streamline between the wells).

through the high-temperature region on the right side (RTA) close to P3
rather than the left.

one (LTA) which is not close to either well. For I3P1 the resulting
behavior between RTA and LTA is opposite.

In subplot (b), the trends of the curve’s relative position are similar to
those plotted based on peak concentration values in subplot (a). It
should be mentioned that a high-temperature region in the reservoir
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could behave similarly to the one with large temperature gradients when
comparing Fig. 9 (a, b) to Fig. 8 (a, b). Specifically, the low-temperature
gradient case (0.025 °C-m™!) in.

Fig. 8 (a, b) always gives a narrow threshold temperature range
which is also seen in the behavior of the HOM case without high tem-
perature anomaly in Fig. 9 (a, b). Moreover, based on the results pre-
sented in Fig. 9 (a2, b2), we are able to distinguish the differences caused
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deviation. T{:j};’--’"‘“" is the temperature where the arrival time curve deviates (estimating the highest temperature on the main streamline between the wells).

by the existence of thermal anomalies as well as the locations of thermal
anomalies in the reservoir, when the injection-production well config-
uration is inclined.

A performance evaluation of the nanotracers in the reservoir with
thermal anomalies is given according to the breakthrough curve peak
analysis (Fig. 9 (a, b)) for selected cases. The maximum temperature
within the reservoir is estimated accurately, which means the thermal
anomaly is detected. Although a shallow injection-production position
can help to more accurately estimate the reservoir temperature range as
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seen in Fig. 9 (c1), this effect is reduced when a thermal anomaly with
high temperature is located in the deep reservoir, including both RTA
and LTA. This observation is also valid for inclined well positions, see
subplot (c2), when comparing the case HOM with the cases LTA and
RTA. The temperature where the peak arrival time curve deviates in-
dicates the highest temperature along the main streamlines between the
wells and in most cases corresponds well with their highest initial
temperature.
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3.3. Impact of geological heterogeneities resulting from inclined zones

Reservoirs are usually highly heterogeneous and some distinguishing
features are large spatial differences in reservoir permeability. In some
cases, low permeable zones are encountered, such as faults developed by
tectonic movement; high permeability layers exist in other cases, such as
thief zones due to possible clay erosion or sand production after a long
period of water injection (C. Lu et al., 2021). Tracer testing can identify
the properties of fractures or inclined zones, dependent on the shapes of
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tracer breakthrough curves (J. Li et al., 2016; L. Li et al., 2017). Those
studies mainly focused on the conservative tracer, while here we will
explore how such geological features affect the performance of
temperature-reporting nanotracers in fractured geothermal reservoirs.
Fig. 7 (c) illustrates a thin inclined zone centrally placed between the
wells. The effects of left-inclined and right-inclined zones are studied
with permeabilities higher (i.e., 5.107'° m? or much lower (i.e.,
5.107'® m?) than the inner reservoir permeability (i.e., 5.10° " m?).
Note that only the inclined zones with different directions and

rod.
Cleoec [mg-L1

X [km]

Fig. 10. Tracer concentration distributions after 70 days for a geological heterogeneous model, i.e. an inclined zone (white line) and configuration 11P3. The
difference between a conservative tracer (left column) and a temperature-reporting nanotracer (Tyre. = 160 °C, right column) is clearly demonstrated in dependence
of the hydraulic setting. Subplot a/b: low-permeable left-/right-inclined zone (i.e., 5-10~'° m?); Subplots c and d: high-permeable left and right-inclined zone (i.e.,
5.1071% m?). Note that the permeability of the inner reservoir is 501071 m?. The black contours with their magnitudes on the right show the reservoir temperature.



G. Yan et al.

permeabilities are added to the numerical model, the remaining pa-
rameters are the same as in the reference case. As illustrated in Fig. 10,
concentration distributions of a conservative tracer and a temperature-
reporting nanotracer with a 160 °C threshold are shown with
injection-production setup I1P3 at 70 days (when tracers flow through
the inclined zone). The results with a low-permeable inclined zone are
given in Fig. 10 (a, b), and those with a high-permeable inclined zone are
shown in Fig. 10 (c, d). As expected, the temperature-reporting nano-
tracer with a 160 °C threshold mainly exists in the lower part of the
reservoir where it is converted whereas the conservative tracer has a
large area of distribution in the reservoir.

In the cases with a low-permeable inclined zone, the inclined zone
behaves as a tight barrier for tracer transport and tracer concentrations
are separated. In subplot (a2) there is a region of high-concentration
converted tracer above the inclined zone. Temperature-reporting
tracer has been transported around the upper region of the reservoir
(above the inclined zone) and converted after passing the 160 °C
isotherm.

In the cases with a high-permeable inclined zone in Fig. 10 (c, d), we
notice in subplots (c1) and (c2) that the fluid flow is attracted up to-
wards the high permeability zone giving a more horizontal flow in the
reservoir. This flow diversion is less clearly seen in subplots (d1) and
(d2) since the direction of I1P3 is perpendicular to the right-inclined
zone. The concentration of conservative tracer is less in subplot (c1)
than in subplot (d1). The conservative tracer meets the high-permeable
zone earlier in subplot (c1) and more tracer transports to the high-
permeable zone where the tracer can be accumulated, compared to
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subplot (d1). Moreover, since the fluid flow is attracted towards a hor-
izontal direction in the upper part of the reservoir in subplot (c2), less
temperature-reporting nanotracer transports downward being con-
verted than in subplot (d2).

A comparison of the tracer peak concentration and peak arrival times
is shown in Fig. 11 for two configurations: I1P1 and I1P3. As seen in
Fig. 11 (al) and (bl) the results for I1P1 are very similar when
comparing whether the inclined zone is left or right-oriented for a given
permeability, due to symmetry. For I1P3, left- or right-inclined orien-
tations do not give symmetrical flow and thus the orientation of the
inclined zone impacts the tracer profiles, see curves in Fig. 11 (a2) and
(b2). Referring to Fig. 10 (c1), a high-permeable inclined zone can divert
flow towards it and attract tracers to flow in its plane from the reservoir,
resulting in low peak concentration values. The separation effect on the
tracer transport due to the low-permeable inclined zone can decrease the
peak concentration collected in the production point, referring to Fig. 10
(b1). In Fig. 11 (al) the (red) curves of peak concentrations for low-
permeable inclined zone take an abrupt turn at 155 °C. This is the
result of a low permeability zone forcing tracers to flow in the lower part
of the reservoir, as we can see in Fig. 10 (a2). In the.

I1P1 setup, the fastest streamline will be at the top and stay above
155 °C (the initial well temperatures) and not deliver converted tracers
with higher thresholds. Streamlines that take the opposite side of the
barrier will all have reached 170 °C which explains the jump in arrival
times at 150 °C to a higher stable value until 170 °C, where only the
outermost streamlines can convert the tracers. As the threshold increases
gradually less tracer is converted but following a different trend than at
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Fig. 11. Comparison of tracer performance for peak concentration (a) and peak arrival time (b) in homogeneous (HOM) and geological heterogeneous models (LIZ or
RIZ) with well configurations of (1) I1P1 and (2) I113. The permeability in the left- or right-inclined zone (LIZ or RIZ) is 5010 1° m? or 5101% m? while the reservoir

permeability is 50101 m2
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first since the tracer is primarily converted at the bottom of the reservoir.
Note that the discontinuity in arrival time and the trend of peak con-
centration happen at the same temperature and are clear indicators of
two separate flow line groups. While there were two separate stream-
lines groups also for I1P3, they arrived at similar times, while the
reactive tracer mainly converted in the lower one.

Fig. 11 (2) gives the results when the injection-production position
changes to I11P3 which is exactly the setup shown in Fig. 10. When the
inclined zone is low permeable and the orientation is similar to the
injection-production direction, the tracer transport will be efficient and
give rise to high peak concentration values of tracer concentration in the
production point. That is why it is seen in Fig. 11 (a2) that the dashed
red line (right-inclined) has a lower magnitude than the solid red line
(left-inclined). On the other hand, the green dashed line in Fig. 11 (a2)
has higher values than the green solid one since the attraction of the high
permeable zone plays a more significant role in reducing the tracer
concentration in the latter case (solid line, left-inclined), which has been
discussed in the above for comparisons between Fig. 10 (c) and (d).
Therefore, inclined injection-production position I1P3 is useful for the
test to differentiate the right- or left-inclined zones. In addition, it is
noticeable in Fig. 11 (a) that the curve trends within the high tracer
threshold range of 165 °C-175 °C are similar: top (low permeable zone),
middle (homogeneous) and bottom (high permeable zone).

Regarding reservoir temperature estimation using the deviation
points of the peak concentration and peak arrival time curves in Fig. 11,
we find that the maximum temperature is correctly estimated to be
175 °C in all cases. For a given well setup a fairly consistent minimum
temperature is estimated as 152 °C-153 °C for I1P1 and 157 °C-158 °C
for I1P3 although the actual minimum for all cases is 145 °C. The highest
temperature of the coldest streamline is determined by how deep they
go, i.e. the depth of the wells, as explained earlier. The deviation
threshold temperature of the arrival time curve shows different trends
compared to the homogeneous case. When there is a barrier, the flow is
concentrated and it can be diverted from or towards the well, but also
from or towards the higher temperatures. In the example of I1P3 with a
low permeability RIZ (see Fig. 10 (b2)) the flow is diverted straight
down (increasing the arrival time of the conservative tracer), exceeding
170 °C and then straight towards the producer. The deviation of the
arrival time (red curve in Fig. 11 (b2)) correctly indicates that temper-
atures have exceeded 170 °C on the main streamlines.

4. Conclusions

Temperature-reporting nanoparticle tracers, which quickly, fully
and irreversibly convert when the environmental temperature reaches
its threshold value, were studied to characterize the temperature in-
formation of geothermal reservoirs. We developed a numerical modeling
approach to illustrate their working mechanisms in a thin 3D reservoir.
A mixture of tracers with different temperature thresholds was injected.
First, a homogeneous and fractured geothermal reservoir was studied
with nine injection-production well configurations. Furthermore, add-
ing heterogeneities such as thermal anomalies and inclined zones were
investigated. The following conclusions can be made.

e Reservoir temperature can be changed due to cold water injection
and fluid intrusion from different depths. The injected temperature-
reporting nanotracers travel along all streamlines but are converted
on a streamline only if they reach the temperature threshold of that
specific tracer. This happens if the streamline goes sufficiently deep
or sufficiently close to a thermal anomaly.

Injection-production positions and inclined high- or low-permeable
zones embedded within the reservoir influence the streamlines,
thus impacting the collected tracer breakthrough data. Deeper well
positions steer all the streamlines through higher temperatures,
while the mentioned zones can spread or deviate streamlines towards
or away from the high temperatures.
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e The peak concentration of a given temperature-reporting nanotracer
is determined by the proportion of the swept reservoir area above its
temperature threshold. The changes in tracer peak arrival time result
from alterations in the flow paths of its main streamlines. A long flow
path generally corresponds to a long peak arrival time of the tracer.

e A new analysis method was proposed, based on plotting the peak
concentration and arrival time of each tracer against their temper-
ature threshold.

o At sufficiently low temperatures, all tracers are fully converted,
giving the same peak concentration as the conservative tracer. The
temperature where the tracers start to yield lower peak concen-
trations is an upper limit of the minimum reservoir temperature.

o At sufficiently high temperatures, no tracer is converted, giving
zero peak concentration for higher temperatures. The temperature
threshold where the peak concentrations first become zero is
identical to the maximum reservoir temperature.

o The arrival time of the tracer peak is the same as the conservative
tracer as long as it is converted on the main (fastest) flowline be-
tween the wells. The threshold temperature when the time starts to
increase indicates the highest temperature on the main flowline.

e The range in temperature thresholds between the deviations on the
peak concentration curve reflects only a part of the reservoir tem-
perature range, but the highest temperature deviation corresponds to
the highest reservoir temperature, while the lowest deviation tem-
perature can be near or far away from the lowest reservoir temper-
ature. Changing the reservoir temperature conditions (with other
conditions the same), consistently changes the max temperature
(actual and estimated) but may not necessarily impact the lower
threshold deviation temperature. While a reduced temperature range
may be expected to reduce the difference between the thresholds (a
sharper peak concentration curve), a sharp curve does not directly
imply a narrow reservoir temperature range.

e At areduced temperature range (and other conditions the same), the
flow paths next to the main streamline now have a temperature
closer to that of the main streamline. The same streamlines have the
same arrival time, but tracers with lower thresholds, corresponding
to the streamline max temperature, will dominate. In total, the
streamlines with the same arrival times obtain threshold tempera-
tures closer to the main streamline, i.e. a sharper curve.

The effects of thermal anomalies (existence and locations) and in-

clined zones (conductivity and orientation) in the reservoir can be

more easily observed when the injection-production position is non-
horizontal as the tracer data become more sensitive to the orienta-
tion and location of such features.

In practice, forward simulations are required to match the break-
through data from the field tests. Although it provides useful insights
into the effects of geological and thermal heterogeneities on the tracer
breakthrough data, a precise estimation of these unknowns relies on
inverse modelling which uses model sensitivities to update parameters
to be more consistent with observations. Our results show clear re-
sponses to geological and thermal heterogeneities which are clearly
detectable when choosing a non-horizontal injection-production
location.

The conclusions of this work are not limited to fractured reservoirs
but can also applied to other types of geothermal reservoirs. During the
entire lifecycle of geothermal reservoir exploitation, temperature-
reporting tracer tests can be conducted to detect temperature range
and reservoir thermal drawdown in the reservoir as well as other
geological and thermal heterogeneities. At the exploration stage, the
initial in-situ reservoir temperature information can be characterized
quickly by the tracer curve using high flow rates, especially if shallow
injection-production positions are chosen and the tracer can sweep the
entire reservoir. For the production stage, the thermal drawdown status
can be periodically quantified by comparison of the present tempera-
tures to the initial ones. Potential challenges or limitations that one
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Appendix I. Fully Coupled Processes of Fluid Flow, Heat Transfer, Transport and Reaction for Temperature-reporting Nanoparticle
Tracers

(a) Detailed Equations of Fully Coupled Processes

Eq (4) indicates a sharp conversion process of the injected nanotracers/reactants into products. To release this constraint, we include a conversion
factor Z in the following reaction expression for temperature-reporting nanotracers:

updated
(o)™ =zr ey (A1)
thre. thre.

where (C’Tel:ri'")”p dated Lopresents the newly updated concentration of the reactant after reaction (at time step n) and Z is defined as:
17 Tn < (Tlhrevfa);

1
Z'= 15 @ Tume)’ (Tmre. - a) <T" < (T + @) 5 (A2)

0,7" > (Typre. + a).

where a (°C) and b (=6/a, °C~1) are conversion constants that can be controlled such that a smooth conversion between 100% and 0% nanotracer
conversion can be achieved when environment temperature T is near the nanotracer temperature threshold Tiy..
The product concentration after the reaction at the time step n is updated with:

Tinre. Tinre.

prod. updated eaen od.N
()™ ==z eyt (A3)

where the two parts on the right side separately refer to the concentration increase of the product after the reaction and product concentration at time
step n.

updated s .
The updated results (C”Te;l”j”)”pd"ted and (C‘}T:f’") at time step n are separately used explicitly in the following tracer transport Eqs A4 and A5 for

the implicit computation of the reactant and product concentrations at time step n+1.
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After obtaining C* "1 and C‘};‘l”‘: " , we need to update these two variables at time step n+1 according to the new conversion factor Z**! using Eqs A1
and A3.

(b) Numerical Algorithms of the Fully Coupled Processes

The numerical algorithms of the fully coupled processes of fluid flow, heat transfer, transport and reaction for temperature-reporting nanoparticle
tracers are shown in Figure Al. At time step n, the fluid flow model, nanotracer transport model together with heat transfer model are solved
implicitly. After obtaining the results, the reactant and product concentrations of tracers are updated using the nanotracer reaction model, which
provides the inputs for the tracer computation at next time step n+1.

Fully coupled at each time step

Time
Step
n

Nanotracer
transport
model

Coupled

Nanotracer
reaction

pw | Transfer Tranfer | T

Nanotracer
transport
model

Time
Step
n+1

del

Nanotracer
reaction
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©
o000 000 ( X N J 000

Fig. Al. Schematic of the fully coupled fluid flow, heat transfer, transport and reaction models of temperature-reporting nanoparticle tracers.

Appendix II. Numerical Model Validation

A one-dimensional (1D) simulation is run to validate the numerical model with coupled fluid flow, heat transfer, transport and reaction for
temperature-reporting nanoparticle tracers, shown in Figure A2. The numerical results produced by the PorousFlow module (Wilkins et al., 2021)
within the MOOSE framework (Permann et al., 2020) are validated against an analytical solution. The analytical solution is simply a stepwise function,
which satisfies the mass conservation law and chemical conversion.
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Fig. A2. Validation on the fully coupled processes of fluid flow, heat transfer, transport and reaction for temperature-reporting nanoparticle tracers: (al) 1D model
with boundary conditions; (a2) temperature and conversion factor profiles; (a3, a4) comparison of numerical and analytical results for reactant C'T"z";;c and product
C"}’z"s‘f‘c at 5010 s and 1.5e10° s.

As shown in Figure A2 (al), incompressible fluid is injected with a nanotracer reactant (threshold 2.5 °C) into a 100-m horizontal system. The
Darcy velocity is 510" m s ! and the injected nanotracer reactant concentration is 0.1 mg L™!. The porosity is assumed 1 and fluid properties are set
constant (density 1000 kg m 3, viscosity 102 Pa s and thermal conductivity 0.6 W m~'-k1). The system temperature (0 °C-5 °C) and pressure (1.1
MPa0.1 MPa) distributions are constrained following a linear relation from inlet to outlet, during the whole process.

The temperature distribution and the corresponding conversion factor Z along the model are shown in Figure A2 (a2). The comparisons between
the analytical and numerical solutions show agreement for both reactant and product at the two selected times 5010* s and 1.5010° s.

Appendix III Mesh Sensitivity Analysis

To illustrate the convergence of the chosen discretization, a comparison of the conservative tracer breakthrough curves at the production well is
provided in Figure A3 for three different meshes. The curves are practically indistinguishable when the element number reaches 331'799. Conse-
quently, the simulations reported in this study are performed with 331799 elements.
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Fig. A3. Comparison of conservative tracer breakthrough curves for different element numbers.
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