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Abstract Thermal retardation and dispersion are important processes affecting advective heat transport in
sedimentary aquifers, yet little is known how they are influenced by heterogeneity of hydraulic conductivity.
We investigate the effect of macro‐scale heterogeneity on transient heat transport in a three‐dimensional domain
through direct numerical Monte‐Carlo simulations. The model describes the evolution of a heat plume in a
heterogeneous aquifer generated by a borehole heat exchanger. We characterize the transport by calculating the
dispersion coefficient and effective thermal retardation factor as ensemble average of the heterogeneous
realizations. In addition to different degrees of heterogeneity, we examine the influence of the thermal Péclet
number on the effective thermal retardation factor. Simulations reveal that for homogeneous hydraulic
conductivity, the effective thermal retardation factor equals the predicted, apparent thermal retardation factor.
However, in heterogeneous cases, the effective thermal retardation factor is substantially lower than the
apparent value at early times, with this effect becoming more pronounced as the Péclet number increases. We
attribute the deviation of the effective thermal retardation factor from the apparent value to preferential flow
through zones with higher hydraulic conductivity and delayed local heat diffusion into zones with lower
hydraulic conductivity. Assuming that the effective thermal retardation factor differs from the apparent value in
the presence of local thermal non‐equilibrium (LTNE) effects, we call the observed effect “field‐scale LTNE.”
Finally, we derive a formula estimating effective thermal retardation as a function of log‐conductivity variance
and the Péclet number. Our results can improve heat tracer techniques in hydraulically heterogeneous
environments.

1. Introduction
Quantifying advective heat transport in sedimentary aquifers is essential for process understanding and various
applications, including the role of groundwater‐sourced thermal refugia (e.g., KarisAllen et al., 2022; Kurylyk
et al., 2014, 2015), heat tracing to estimate streambed fluxes (e.g., Anderson, 2005; Bertagnoli et al., 2024;
Constantz, 2008; Halloran et al., 2016; Kurylyk et al., 2019; Rau et al., 2014; Shi, Zhan, et al., 2024), estimation of
aquifer thermal and hydraulic properties (Colombani et al., 2015; Doro et al., 2015; Furlanetto et al., 2024;
Klepikova et al., 2016; Ma et al., 2012; Sarris et al., 2018; Somogyvári & Bayer, 2017; Vandenbohede
et al., 2009; Wagner et al., 2014; Wildemeersch et al., 2014) or the operation of shallow geothermal systems
(Hähnlein et al., 2013; Pophillat et al., 2020). In this context, heterogeneous aquifers pose a particular challenge.
The large variability of hydraulic conductivity (K) creates preferential flow pathways, non‐uniform temperature
fronts (Ferguson, 2007; Hoffmann et al., 2019; Irvine, Simmons, et al., 2015; Schornberg et al., 2010), and
enhanced thermal dispersion (Chang & Yeh, 2012; Hidalgo et al., 2009).

Spreading of heat during advective transport in aquifers is caused by thermal diffusion (in the pore space and in
the solid matrix) and thermal dispersion. The latter arises from both mechanical dispersion due to pore‐scale
velocity variations (Green et al., 1964; de Marsily, 1986) and differential advection at the macro‐scale due to
heterogeneous hydraulic conductivity (de Marsily, 1986; Sauty et al., 1982). However, the role of mechanical and
macro‐dispersion for heat transport in porous media remains elusive (e.g., Anderson, 2005; Baek et al., 2024; Park
et al., 2015, 2018).

The effect of heterogeneity in hydraulic conductivity on solute dispersion has been thoroughly investigated by
stochastic, field, and numerical methods (e.g., Dagan, 1989; Gelhar & Axness, 1983; Sudicky, 1986; Tompson &
Gelhar, 1990). The meta‐study on reliable field site macrodispersivities of Zech et al. (2015) confirmed
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theoretical results: solute dispersion does not universally scale but increases with distance up to an asymptotic
value, which is representative of different heterogeneities and is formation‐specific.

While heat and solute transport are described by mathematically analogous equations, thermal diffusion is several
orders of magnitude higher than molecular diffusion (Anderson, 2005) resulting in a smoothing effect of the
temperature front compared to solute transport (Irvine, Simmons, et al., 2015). The relationship between
dispersion and velocity in heat transport exhibits the same behavior as solute transport in the dispersion‐dominant
regime (Péclet number > 5), where dispersion increases linearly with velocity under pore‐scale or laboratory‐
scale conditions (e.g., Baek et al., 2022, 2024; Rau et al., 2012). However, debate about the transferability of
dispersion values between heat and solute transport is ongoing for field‐scale problems.

Numerical studies have shown a strong influence of aquifer heterogeneity on thermal macrodispersion (Fergu-
son, 2007; Hidalgo et al., 2009; Molnár et al., 2025). Hidalgo et al. (2009) used a stochastic approach to
investigate the effect of heterogeneous hydraulic conductivity on the steady‐state heat plume generated by a line‐
like source in a three‐dimensional domain. They found that transverse dispersion is proportional to the variance
and correlation length of the log‐conductivity (ln K) field. Similarly, through stochastic analysis of field‐scale
heat advection, Chang and Yeh (2012) revealed a linear relationship between macrodispersion coefficients
(longitudinal and transverse) and variance in ln K. They conclude that, while the correlation length of ln K en-
hances heat advection at the field scale, the effective thermal conductivity reduces heat advection.

To compare heat and conservative solute transport in porous media, Vandenbohede et al. (2009) conducted two
push‐pull tests in a deep Tertiary aquifer in Belgium. They found a notable difference between longitudinal
dispersion of heat and solute. While solute dispersivity increased with travel distance, thermal dispersivity did not
exhibit a clear scale dependency. The authors attributed this difference to dissimilar position and shape of
transition zones between injection and pristine water during solute and heat transport. Unlike solutes—which are
transported solely through the pore water—heat propagates through both the fluid phase and the solid matrix of
the porous medium. Tang and van der Zee (2022) incorporated a scale‐dependent thermal macrodispersion
relationship in their numerical models to investigate its effect on the recovery efficiency in aquifer thermal energy
storage (ATES) systems.

Compared to solute transport, advective heat transport progresses more slowly because the heat capacity of the
solid retards the thermal front. This delay is quantified by a thermal retardation factor that can be defined in two
distinct ways: (a) the predicted, apparent thermal retardation factor Rapp, which is related to the volumetric heat
capacities of the aquifer and groundwater, and (b) the measured, effective thermal retardation factor Reff , defined
as the ratio of seepage velocity to thermal front velocity (Gossler et al., 2019). A standard approach in most
studies of heat transport in porous aquifers is the assumption of local thermal equilibrium (LTE) between the solid
and fluid phases (Gossler et al., 2020; Pastore et al., 2018; Rau et al., 2014; Roshan et al., 2014; Stauffer
et al., 2014). This means that immediate temperature equilibrium between the solid and fluid phases is assumed,
implying that there is sufficient time for heat to diffuse into the solid grains as the thermal front is transported by
advection. This simplifies the two‐phase nature of the porous medium by volume averaging, resulting in a single‐
phase heat transport equation (Whitaker, 1991).

Gossler et al. (2019) argued that when the LTE assumption holds, Rapp and Reff are expected to be of similar
magnitude. However, experimental studies (Baek et al., 2022; Bandai et al., 2017; Gossler et al., 2019), as well as
theoretical and numerical investigations (Gossler et al., 2020; Hamidi et al., 2019; Heinze & Hamidi, 2017;
Roshan et al., 2014; Shi, Wang, et al., 2024), indicate that the LTE assumption may be violated under specific
conditions common in natural systems. These include high flow velocities and preferential flow pathways, which
are characteristic of coarse‐grained materials. Under such conditions, the local thermal non‐equilibrium (LTNE)
approach, which employs separate energy balance equations for the solid and fluid temperature fields, provides a
more accurate and realistic framework for describing heat transport (Sözen &Vafai, 1990). These coupled energy
balance equations incorporate a heat transfer coefficient that depends on the solid‐fluid interface area and must be
determined experimentally (Kaviany, 1995). Levec and Carbonell (1985) presented experimental evidence of
LTNE effects in ideal porous media demonstrating that the thermal front in the solid phase can lag behind the front
in the fluid phase.

While Rapp assumes LTE, Reff is potentially affected by LTNE effects. Thus, deviations of Reff from Rapp indicate
LTNE effects (Gossler et al., 2019). Recent studies have demonstrated that LTNE effects can influence estimates
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of thermal retardation and dispersion in natural sediments under Darcian flow conditions (Baek et al., 2022;
Gossler et al., 2019, 2020; Roshan et al., 2014; Shi, Wang, et al., 2024). In column sand experiments, Bandai
et al. (2017) and Gossler et al. (2019) showed that effective thermal dispersion depends on particle size, whereas
solute dispersion does not, attributing this difference to LTNE effects. Similarly, Pastore et al. (2018) observed
non‐uniform flow and channeling during flow through sediments and suggested that coarser material likely
promotes LTNE conditions. Flow velocity and the solid grain size have been found to strongly impact LTNE
effects (Baek et al., 2022; Gossler et al., 2019, 2020; Shi, Wang, et al., 2024). Similar effects have been observed
for heat transport during water infiltration into partially saturated soil (Heinze & Blöcher, 2019).

So far, most studies on LTNE effects have focused on small‐scale setups, that is, pore‐scale or laboratory‐scale
homogeneous media (Baek et al., 2022; Gossler et al., 2019, 2020; Roshan et al., 2014; Shi, Wang, et al., 2024).
Upscaling techniques to extend small‐scale findings of LTNE effects to the field‐scale are lacking (Heinze, 2024).
Hamidi et al. (2019) examined the impact of hydraulic heterogeneity on temperature differences between LTE
and LTNEmodels in a synthetic geothermal system. Their findings indicate that, over 40 years, the temperature of
the produced water diverges by approx. 4% between LTE and LTNE models. However, field observations with
geothermal groundwater use or heat tracer tests do not offer a unique picture of the concerted effect of macro-
dispersion as well as channelized flow causing LTNE (Klepikova et al., 2016; Somogyvári & Bayer, 2017;
Vandenbohede et al., 2009; Wagner et al., 2014). Inconsistencies arising from LTE assumptions may be masked
by dispersion effects when interpreting temperature measurements in groundwater systems.

Despite the growing understanding of LTNE at the pore scale, the implications of large‐scale heterogeneity on
thermal non‐equilibrium remain poorly understood. We address this knowledge gap through a systematic
investigation of the relationship between heterogeneous hydraulic conductivity and LTNE effects. We pay
particular attention to distinguish between delayed local diffusion induced by LTNE effects and thermal retar-
dation, and dispersion driven by differential advection. For this purpose, we develop a stochastic heterogeneous
hydraulic conductivity model framework simulating the transient evolution of a 3D heat plume originating from a
line‐like heat source. We analyze spatial moments and the thermal breakthrough curve (BTC) of the resulting heat
plumes stochastically to derive estimates of retardation and dispersion. Our results lead to the development of an
equation to estimate the effective thermal retardation factor as a function of hydraulic conductivity variance and
the thermal Péclet number.

2. Methods
2.1. Governing Equations

We consider steady‐state flow and transient heat transport based on the assumption of an LTE at the pore scale,
that is, instantaneous heat transfer between phases. Density and viscosity of water are considered to be constant.
Groundwater flow follows Darcy's law. Heat transport is governed by the advection‐diffusion equation:

∇ ⋅ q(r) = ∇ ⋅ [− K(r)∇h(r)] = 0, (1)

ρbcb
∂T(r)

∂t
= λb∇2T(r) − ρf c f q(r) ⋅∇T(r) + Pt(r), (2)

where r = (x,y, z) (m) is the coordinate vector, q(r) = − K(r)∇ h(r) is the Darcy velocity, K (m/s) is hydraulic
conductivity, h (m) is piezometric head, T (K) is temperature, t (s) is time, Pt (J/m3 s) is the thermal production
term, ρf (kg/m3) is the density of water, c f (J ⁄ kg K) is the specific heat capacity of water, ρf c f (J/m3 K) is the
volumetric heat capacity of groundwater, λb (J ⁄ m s K) is the bulk thermal conductivity and ρbcb (J/m3 K) is the
bulk volumetric heat capacity, which are expressed as arithmetic means of the solid and fluid phase:

ρbcb = nρf c f + (1 − n)ρscs, (3)

λb = nλ f + (1 − n)λs, (4)

where n is porosity, ρscs (J/m3 K) is the solid volumetric heat capacity. λ f and λs (J/m s K) are the thermal
conductivity of water and the solid phase, respectively.
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The dimensionless thermal Péclet number Pe characterizes the heat transport
problem by relating the relative contributions of heat flux by advection and by
conduction (e.g., de Marsily, 1986):

Pe =
ρf c f q0L

λb
, (5)

where L (m) is a characteristic length and q0 (m/s) is the mean flow velocity
aligned with the x‐direction.

The dimensionless thermal retardation factor characterizes the lag of the
thermal front relative to fluid velocity caused by heat diffusion. To identify
effects of LTNE, we determine both the apparent thermal retardation factor
Rapp and the effective thermal retardation factor Reff through:

Rapp =
ρbcb

nρf c f
, (6)

Reff =
va

vt
, (7)

where va = q0/neff (m ⁄ s) is the seepage velocity with neff being the effective porosity (− ). vt = q0/neffReff (m ⁄ s)
is the thermal front velocity. While Rapp is predicted from aquifer and hydraulic properties, Reff is measured from
plume extensions.

2.2. Numerical Model

The equations governing transient heat transport, based on the assumption of pore‐scale LTE (Equations 1 and 2),
are solved using the Multiphysics Object‐Oriented Simulation Environment (MOOSE), an open‐source, parallel
finite element numerical modeling framework (Gaston et al., 2009; Permann et al., 2020). MOOSE includes the
PorousFlow library, which enables the simulation of transport and flow in porous media (Wilkins et al., 2020,
2021). As shown by Bastías Espejo et al. (2021), MOOSE also supports the simulation of spatially heterogeneous
systems.

We simulate a heat plume in a rectangular domain of size 1,700 m × 1,300 m × 500 m (Figure 1). The numerical
setup is similar to the one described by Hidalgo et al. (2009). The model domain is spatially discretized by
183,300 hexahedral elements with a grid element size of Δx = Δy = Δz = 20 m. Flow is prescribed at the inflow
boundary, which is located at the x = − 200 m plane. At the outflow boundary located at the x = 1,500 m plane,
water is removed at exactly the rate specified by the Darcy equation. The remaining boundaries, parallel to the
mean flow direction, are impermeable.

Heat is generated by a borehole heat exchanger (BHE) as a vertically extended line‐like source of constant
temperature. It provides a continuous heat input of 20 K above the initial temperature. It is positioned at the origin
of the coordinate system. The interested reader can find details on the mathematical specification of flow and heat
transport boundary and initial conditions as well as on the domain and temporal discretization in Supporting
Information S1.

Thermal and hydraulic parameters representative of a clean sand were selected and are listed in Table 1. The bulk
thermal conductivity was adopted from Hidalgo et al. (2009) to ensure comparability with their results. The
specific heat capacity of the solid, although slightly higher than that of quartz, follows Hecht‐Méndez
et al. (2010), who used the same value for modeling a comparable sand aquifer. The density of the solid cor-
responds to that of quartz (Schön, 1996). Both the bulk thermal conductivity and the bulk thermal volumetric heat
capacity fall within ranges reported for saturated sand (Stauffer et al., 2014). All except for hydraulic conductivity
are considered homogeneous and are maintained as constants across all simulations.

Several studies have shown that in advection‐dominated systems, heat transport is strongly controlled by vari-
ations in hydraulic conductivity, whereas porosity exerts a lesser influence and thermal properties are least

Figure 1. 3D numerical model setup with a line heat source representing a
borehole heat exchanger at prescribed temperature T . A prescribed flow
boundary condition is applied on the entire x = − 200 m plane (left boundary).
The right boundary at x = 1,500 m is an outflow boundary allowing water and
heat energy to exit freely. Other boundaries are specified as no‐flow and
adiabatic.
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sensitive (e.g., Hoffmann et al., 2019; Klepikova et al., 2016; Ma et al., 2012; Rau et al., 2014; Wagner
et al., 2014). This aligns with literature findings showing that both thermal conductivity and porosity vary over
much narrower ranges than hydraulic conductivity: while K can span 3–4 orders of magnitude over short dis-
tances, porosity in unconsolidated deposits ranges between 0.25 and 0.7 (Freeze & Cherry, 1979), and the thermal
conductivity of saturated sediments generally varies between 1.4 and 2.2 W ⁄m K (Anderson, 2005).

Following a standard practice in stochastic hydrogeology, hydraulic conductivity is modeled as a random space
function, reflecting its erratic spatial variability and the uncertainty associated with limited site characterization
(Dagan, 1986; Gelhar, 1986). Most studies assume spatially variable K and homogeneous porosity, since porosity
variability is generally considered secondary (Amiri et al., 2023; Libera et al., 2019). This approach has also been
adopted in heat transport studies (e.g., Ferguson, 2007; Irvine, Simmons, et al., 2015; Molnár et al., 2025;
Sommer et al., 2013), enabling controlled examination of the dominant influence of K heterogeneity.

2.3. Simulation Scenarios

We study the effects of heterogeneity on macro‐scale heat transport using spatial random fields for the hydraulic
conductivity distribution K(r) during the simulations. The heterogeneous hydraulic conductivity field follows a
log‐normal distribution f (r) = ln K(r), that is, the log‐transformed hydraulic conductivity is characterized by its
mean and variance. The spatial correlation is represented by a Gaussian covariance model. It is fully characterized
by the semi‐variogram based on the correlation length L in each spatial direction. Typically, correlation lengths in
horizontal directions are assumed equal (Lx = Ly) while the vertical correlation length Lz is considered much
smaller due to sedimentary layering. It is usually characterized through the anisotropy ratio of e = Lz/Lx.

We generate random heterogeneous hydraulic conductivity fields (Figure 2) using the Python package GSTools
(Müller et al., 2022). The geometric mean of the hydraulic conductivity is set to 4.1 × 10− 5 m/s, which is in the
range of clean sand (Freeze&Cherry, 1979).We test variances for ln K of σ2

ln K = 1, 2 and 3 and examine the effect
of three characteristic correlation lengths in horizontal directions of Lx,1 = 100 m, Lx,2 = 125 m and Lx,3 = 150 m
(Ly = Lx). We keep the vertical correlation length constant at Lz = 50 m. We create ensembles of heterogeneous
ln K‐fields for the various combinations of σ2

ln K and Lx. Each ensemble is comprised of 100 realizations.

Besides studying the effect of strength of hydraulic conductivity heterogeneity (i.e., σ2
ln K), we investigate the

influence of Darcy velocity and correlation length Lx on effective thermal retardation. Therefore, we define five
simulation scenarios with varying Péclet numbers (Table 2). Scenario L1q2, with Pe = 14.94, is selected as the
base case and uses the median Darcy velocity and the smallest correlation length. The full set of scenarios spans
thermal Péclet numbers from 4.98 to 25.03, where Pe ≈ 5 represents the lower boundary of the advection‐
dominant regime. The other scenarios are designed as targeted variations of the base case: scenarios L1q1 and
L1q3 vary the Darcy velocity while keeping the correlation length constant, and scenarios L2q2 and L3q2 vary the
correlation length while keeping the Darcy velocity constant.

In a stochastic framework, different averaging strategies yield different plume characteristics. Here, we focus on
the heat plume evolution based on effective ensemble averages. We determine effective thermal dispersion and
thermal velocity by first calculating these quantities for each realization, and then we average over all realizations.
This approach contrasts with the use of ensemble quantities, which are derived from the ensemble averaged

Table 1
Parameter Values Assigned to the Numerical Model

Parameter Symbol Value Unit Comment/Source

Effective porosity neff 0.25 – Freeze and Cherry (1979)

Volumetric heat capacity of water ρf c f 4.18 × 106 J/m3 K Haynes et al. (2016)

Specific heat capacity of the solid cs 880 J ⁄ kg K Hecht‐Méndez et al. (2010)

Density of the solid ρs 2,650 kg/m3 Quartz density (Schön, 1996)

Bulk volumetric heat capacity ρbcb 2.79 × 106 J/m3 K Equation 3

Bulk thermal conductivity λb 1.6369 J ⁄m s K Hidalgo et al. (2009)

Apparent thermal retardation factor Rapp 2.67 – Equation 6
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temperature distribution and thus take into account an artificial spreading
caused by fluctuations of the plume center of mass positions from realization
to realization. The effective quantities better reflect the flow and spreading
behavior in a single aquifer (Kitanidis, 1988). However, the difference be-
tween the effective and ensemble quantities vanishes for infinite times or with
distance from the heat source, respectively, due to ergodicity (Attinger
et al., 1999; Dagan, 1990; Dentz et al., 2000).

2.4. Spatial Moment Analysis

We determine thermal velocity and the transverse thermal dispersion from
spatial moment analysis of the simulated temperature distribution T(x,y, z, t).
The zeroth moment μ(0)(t) = ∫ T(r, t) dr (with r = (x,y, z)) is a measure for
the stored thermal energy.

The first spatial moments characterize the position of the thermal plume
center of mass. We determine the first spatial moment in main flow direc-
tion x:

μ(1)x (t) =∫
z
∫

y
∫

x
x ⋅ T(x,y, z, t) dx dy dx. (8)

We can calculate the thermal velocity of each realization vt as change of the normalized center of mass position.
This results in a time‐dependent thermal velocity:

vt(t) =
dμ(1)x (t)

dt
⋅

1
μ(0)(t)

. (9)

We compute vt(t) for each realization, perform the ensemble average (denoted with 〈⋅〉) and determine the time‐
dependent effective thermal retardation factor from Equation 7 (e.g., Burr et al., 1994; Rajaram, 1997):

Reff(t) =
va

〈vt(t)〉
. (10)

In addition, we study the transverse dispersion for the steady‐state temperature distribution T(x,y, z, t = ∞). We
calculate the second moment in the transverse horizontal direction while retaining the spatial dependency in the
flow direction, as follows:

μ(2)yy (x) =∫
z
∫

y
y2 ⋅T(x,y, z, t = ∞) dy dz. (11)

The steady‐state transverse plume extent κyy(x) follows as the second centered

moment of the normalized temperature distribution κyy(x) =
μ(2)yy (x)

μ(0) − [
μ(1)y
μ(0)]

2
.

Note that we compute the second moment for every z‐coordinate and then
average vertically. This approach reflects analysis of point measurements
instead of two‐dimensional (depth averaged) measurement, where the tem-
perature field would first be averaged along the z‐direction before computing
the spatial moments. The spatial moments are obtained through numerical
integration along the nodes using the composite trapezoidal rule, which in-
volves applying the trapezoidal rule to each subinterval and summing the
resulting values.

Again, we calculate κyy(x) for each realization and perform the ensemble
average to obtain the effective steady‐state transverse plume extent:

Figure 2. An example of a heterogeneous realization of the hydraulic
conductivity (K) fields for σ2

ln K = 3 as was used to model flow and heat
transport.

Table 2
Simulation Scenarios Corresponding to Various Values of Characteristic
Length and Darcy Velocity

Scenario Characteristic length Darcy velocity Pe

L1q2 Lx,1 = Ly,1 = 100 m q0,2 = 5.85 × 10− 8 m ⁄ s 14.94

L1q1 Lx,1 = Ly,1 = 100 m q0,1 = 1.95 × 10− 8 m ⁄ s 4.98

L1q3 Lx,1 = Ly,1 = 100 m q0,3 = 9.80 × 10− 8 m ⁄ s 25.03

L2q2 Lx,2 = Ly,2 = 125 m q0,2 = 5.85 × 10− 8m ⁄ s 18.67

L3q2 Lx,3 = Ly,3 = 150 m q0,2 = 5.85 × 10− 8 m ⁄ s 22.41
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κeffyy (x) = 〈κyy(x)〉. (12)

The effective transverse dispersion coefficient Deff
T (m2 ⁄ s) is calculated as the rate of increase of the effective

steady‐state transverse plume extent κeffyy (x) along the mean flow direction (Hidalgo et al., 2009):

Deff
T =

1
2
dκeffyy (x)

dx
q0. (13)

The time derivative of the first longitudinal moment (Equation 9) and the transverse dispersion coefficient
(Equation 13) are obtained through central finite differences at the interior points and forward/backward dif-
ferences at the boundaries.

To identify the part of the effective transverse dispersion coefficient Deff
T that is caused by the heterogeneous

structure of the hydraulic conductivity, we make use of the well‐established concept from solute transport, that
macrodispersion is composed of a diffusive and a dispersive part (Hidalgo et al., 2009):

DT = DSS
diff + αTq0 =

λb

ρf c f
+ αTq0, (14)

where DSS
diff =

λb
ρf c f

is the contribution from thermal conductivity in steady‐state.

The transverse macrodispersivity αT (m) represents the contribution of heat plume spreading in transverse hor-
izontal direction caused by aquifer heterogeneity. We determined αT for all heterogeneous ensembles from the
ensemble's effective transverse dispersion coefficient Deff

T using Equation 14. Note that αT = 0 for the homo-
geneous case and consequently DT/DSS

diff = 1. We will use the latter as reference to identify the increase of
transverse dispersion by heterogeneity.

2.5. BTC Analysis

As we analyze the longitudinal spreading behavior of the plume spatially dependent, we determine longitudinal
dispersion coefficients DL (m2 ⁄ s) from BTC analysis following a common procedure in solute transport analysis.

We fit the BTCs of each simulated temperature distribution to the analytical solution of van Genuchten and
Alves (1982) for Equations 1 and 2 under the transport situation of a step input as specified in Section 2.2. The
equation and details of the fitting procedure are provided in Supporting Information S1.

The normalized numerical BTC at the transverse plume center of mass of each realization T(x, t) are fitted to the
normalized analytical solution. This is done for each distance x from the heat source at each depth z. Figure S8 in
Supporting Information S1 demonstrates that the analytical solution provides a good fit across different distances
and degrees of heterogeneity. We then take the depth average which results in a distance dependent macro-
dispersion coefficient DL(x). The estimated longitudinal macrodispersion coefficients of all realizations are
ensemble averaged to achieve the effective longitudinal macrodispersion coefficient Deff

L (x) = 〈DL(x)〉.

As with transverse dispersion, we identify the part of the effective longitudinal dispersion coefficient Deff
L that is

caused by the heterogeneous structure of the hydraulic conductivity splitting it off into a diffusive and a dispersive
part (de Marsily, 1986):

DL = Ddiff + DL,disp =
λb

ρbcb
+ αL

⃒
⃒
⃒
⃒
ρf c f

ρbcb
q
⃒
⃒
⃒
⃒, (15)

where Ddiff represents the bulk thermal diffusivity of the saturated medium, DL,disp is the dispersive component
arising from spatial heterogeneity, and αL (m) is the longitudinal macrodispersivity. Mechanical dispersion ef-
fects due to pore‐scale velocity fluctuations are neglected in this study. Note that the specifications of the diffusive
and dispersive components differ in Equations 14 and 15 since we study DL under transient conditions.
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Just as for αT , αL reflects the longitudinal spreading caused by aquifer heterogeneity. Consequently, for the
homogeneous case DL = Ddiff . We determined αL for all heterogeneous ensembles from the ensemble's effective
longitudinal dispersion coefficient Deff

L using Equation 15.

Using stochastic analysis of thermal transport, Chang and Yeh (2012) demonstrated for isotropic conditions that
longitudinal thermal macrodispersivity increases monotonically with time until reaching its asymptotic value,
consistent with results for conservative transport (Dagan, 1989; Gelhar et al., 1992). The asymptotic values can be
calculated as a function of the log‐conductivity variance σ2

ln K according to Chang and Yeh (2012) (Equations 5
and 6 in Supporting Information S1).

3. Results
3.1. Heat Plume Evolution

The propagation of the heat plume generated by the BHE differs notably between homogeneous and heteroge-
neous hydraulic conductivity at early times, that is, well before steady‐state is reached (Figure 3). Heat transport
in a domain with homogeneous hydraulic conductivity shows the familiar uniform plume shape (Figure 3a). In
contrast, for a single heterogeneous realization with a log‐conductivity variance of σ2

ln K = 3 (Figure 3b), spatial
variations in hydraulic conductivity create a non‐uniform flow field leading to preferential heat transport and
zones of delayed warming. In addition, the longitudinal extent of the heat plume is almost double in size compared
to the homogeneous case.

3.2. Transverse Thermal Dispersion

Heterogeneity increases the transverse thermal dispersion at steady‐state, as indicated by the wider transverse heat
plume extents and larger transverse dispersion coefficients shown in Figure 4. Displayed are the effective
transverse second centered moment κeffyy (x) (Equation 12) in Figure 4a and the transverse dispersion coefficient
normalized by thermal diffusion DT/DSS

diff (Equation 14) in Figure 4b, both as a function of the distance from the
heat source for Pe = 14.94. Similar figures for other scenarios with Pe = 4.98 and Pe = 25.03 can be found in
Supporting Information S1, Figures S2 and S3.

Higher log‐conductivity variances result in a stronger increase in the lateral plume extent, κeffyy (x), indicating
enhanced lateral spreading with distance from the heat source (Figure 4a). In contrast to Hidalgo et al. (2009), we
did not observe boundary effects on the lateral plume extent (see Supporting Information S1), indicating that our
domain size is of sufficient extent.

Figure 3. Temperature evolution for (a) the homogeneous case, and (b) a heterogeneous realization with σ2
ln K = 3 (from

L1q2, Table 2) at times t1 = 1 × 109 s, t2 = 3 × 109 s and t3 = 5 × 109 s.
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The spatial derivative of κeffyy (x), shown in Figure 4b, highlights the increase of the transverse dispersion coef-
ficient DT with increasing log‐conductivity variance. DT has almost doubled for σ2

ln K = 3 compared to the
homogeneous case. We found that a higher thermal Péclet number also results in greater transverse dispersion
coefficients (visualized in Figure S3 in Supporting Information S1). For small Pe, diffusion dominates, but
dispersion increases with Pe as advection becomes dominant. As shown in Figure S3 in Supporting Informa-
tion S1, the transverse dispersion coefficient DT increases with both σ2

ln K and Pe. When averaged along the
distance from the heat source,DT remains constant in the homogeneous case (σ2

ln K = 0) at 3.9 × 10− 7 m2 ⁄ s for all
Pe, corresponding to a normalized value (DT/DSS

diff) of 1.0. In contrast, for σ2
ln K = 1, the average normalized

transverse dispersion increases from approximately 1.1 to 1.3 (i.e., 4.2 × 10− 7 to 5.1 × 10− 7 m2 ⁄ s) as Pe in-
creases from 4.98 to 25.03. For σ2

ln K = 3, the average normalized values increase more markedly, from about 1.3
(5.1 × 10− 7 m2 ⁄ s) to 2.0 (7.9 × 10− 7 m2 ⁄ s) over the same range of Pe. These trends reflect the growing in-
fluence of heterogeneity‐driven dispersion under more advective conditions.

3.3. Longitudinal Thermal Dispersion

The scale‐dependent effective longitudinal dispersion coefficient DL(x) (Equation 15) obtained from BTC fitting
for three ensembles of increasing heterogeneity (from L1q2, Table 2) reveals that an increase of σ2

ln K leads to a
faster growth of DL with distance from the heat source (Figure 5). In addition, an increase of σ2

ln K leads to higher
asymptotic values. We also see that a longer travel distance is required to reach asymptotic macrodispersion
(Chang & Yeh, 2012) with increasing σ2

ln K . Generally, we observe a very good agreement between the theoretical
asymptotic dispersions and values obtained from direct simulations far from the heat source. However, the
asymptotic value has not been reached for the ensembles with σ2

ln K > 1. This is due to the limited domain size,
extending only 15 correlation lengths from the heat source as larger variances require longer times/distances to
reach the asymptotic value. These results are confirmed by Figure S4 in Supporting Information S1 showing the
temporal evolution of the longitudinal plume extent κeffxx (t). As heterogeneity increases, κeffxx (t) reaches a higher
asymptotic value while requiring more time to reach steady‐state.

3.4. Effective Thermal Retardation

The time‐dependent thermal velocity vt(t) and effective thermal retardation factor Reff for scenario L1q2 (Table 2)
exhibit characteristic temporal trends that vary with the degree of heterogeneity (Figure 6). The thermal velocity
was determined as ensemble mean using Equation 9 for the three values of σ2

ln K and for the homogeneous case.
Effective thermal retardation follows as the reciprocal of vt(t) multiplied with the constant seepage velocity va
(Equation 10).

Thermal velocity shows a short initial increase before decreasing monotonically for all log‐conductivity variances
(Figure 6a). The higher the variance, the larger the thermal velocity, but also the faster the decrease. This is in

Figure 4. Steady‐state transverse plume spreading: (a) second centered moment κeffyy (x) and (b) ratio of transverse dispersion
coefficient and thermal diffusion; for different log‐conductivity values σ2

ln K (scenario L1q2, Table 2).
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sharp contrast to the constant plume velocity for the homogeneous case. vt(t)
approaches zero over time as the plume's center of mass changes progres-
sively less and eventually reaches steady‐state. Also, the 95% confidence
intervals become smaller over time showing that all realizations follow the
same temporal pattern. The largest velocity differences occur at the beginning
of the transport process when local heterogeneity has the strongest impact.

The apparent thermal retardation Rapp, being 2.67 for the parameters in
Table 1, aligns perfectly with Reff calculated for the homogeneous simulation
for times far from steady‐state (Figure 6b). As for thermal velocity, the
behavior in heterogeneous fields deviates notably. Reff is substantially lower
than Rapp at early times, increases monotonically and eventually exceeds Rapp.
The rate of increase grows with σ2

ln K . This indicates that the plume centroid is
less retarded early in the transport but undergoes progressively greater
retardation over time compared to the homogeneous case. We associate this
effect with preferential flow through highly permeable areas, alongside
delayed local heat diffusion into hydraulically less permeable zones, also
visible in Figure 3b for a single heterogeneous realization.

The influence of the thermal Péclet number on the effective thermal retar-
dation factor was examined by varying the Darcy velocity q0 while keeping

the correlation length constant (scenarios L1q1, L1q2, and L1q3 in Table 2). We find that Reff decreases at early
times with increasing Darcy velocity (Figure 7), that is, increasing Pe. We link that to a more intensive prefer-
ential flow (similar to the effect of increasing heterogeneity), leading to more delay by local heat diffusion into
hydraulically less permeable zones. The same effect is observed with increasing Pe by higher correlation length
values Lx and constant Darcy velocity (Figure S6 in Supporting Information S1), but less pronounced.

3.5. Field‐Scale LTNE and Macrodispersion

The differences between apparent thermal retardation Rapp (reflecting pore‐scale LTE conditions) and the
effective retardation Reff (potentially influenced by pore‐scale LTNE), observed in our heterogeneous flow field
simulations, strongly indicate the presence of LTNE effects on the field scale, even though we did not account for
pore‐scale LTNE effects. Motivated by the definition of macrodispersion, which captures spreading as a result of
fluid velocity variations at the macro‐scale due to heterogeneous hydraulic conductivity (de Marsily, 1986; Sauty
et al., 1982), we describe the heterogeneity‐induced initial increase in thermal velocity under transient conditions
with the term field‐scale LTNE.

Figure 5. Scale‐dependent longitudinal dispersion coefficient DL(x)
normalized by bulk thermal diffusivity Ddiff for different log‐conductivity
values σ2

ln K (scenario L1q2, Table 2). The colored dashed lines indicate the
asymptotic values for each σ2

ln K .

Figure 6. Temporal evolution of (a) thermal velocity and (b) effective thermal retardation for different values of log‐
conductivity σ2

ln K (scenario L1q2, Table 2). The shaded areas in (a) represent the 95% confidence intervals of the thermal
velocity. The dashed line in (b) indicates the value of the apparent thermal retardation factor Rapp (Equation 6), the gray vertical
lines are the three times shown in Figure 3.
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To differentiate the effect of field‐scale LTNE (associated with the time derivative of the first moment) from
macrodispersion (related to the second spatial moment), we conducted simulations with homogeneous hydraulic
conductivity and values of macrodispersion reflecting those of the heterogeneous ensembles. Specifically, we use
the values of DT as displayed in Figure 4b and DL as displayed in Figure 5 for homogeneous simulations. For DT
we use constant values, resulting from the average over x. For longitudinal dispersion, we run simulations with a
spatially increasing DL(x) (Figure 5). Note that transverse and longitudinal second centered moments of the
heterogeneous case and the homogeneous case with macrodispersion are in good agreement (Figure S5 in
Supporting Information S1), although the latter exhibits greater longitudinal plume extents during later times
before steady‐state is reached (Figure S5b in Supporting Information S1). More details on the implementation are
provided in Supporting Information S1. Resulting effective retardation factors are shown in Figure 8.

Substantial differences arise in the effective thermal retardation factors for the homogeneous cases with mac-
rodispersion, from both the homogeneous case without macrodispersion and from the heterogeneous case with the
same macrodispersion (Figure 8). These differences become more pronounced as log‐conductivity variance (and
so macrodispersion) increases. Increasing the effective thermal dispersion coefficient for the homogeneous case
leads to deviations of Reff from Rapp, indicating that the thermal velocity in the homogeneous case with macro-
dispersion is higher than in the homogeneous case without macrodispersion. The thermal velocity accelerates
because the effective dispersion coefficient, which combines thermal diffusivity and advection‐induced thermal
dispersion, is treated as a single term in the advection‐dispersion equation, without distinguishing between the
diffusive and dispersive part. While the diffusive part of the effective dispersion coefficient affects thermal
velocity, the dispersive component governs heat plume spreading. Consequently, increasing the effective
dispersion coefficient to represent heterogeneity‐induced macrodispersion enhances both thermal velocity and
plume spreading.

Furthermore, we find that longitudinal macrodispersivity αL is the primary driver for the increase in thermal
velocity due to an increase in effective thermal dispersion, whereas the influence of the transverse macro-
dispersivity αT on thermal velocity is marginal. At the same time, field‐scale LTNE effects cannot be reproduced

Figure 7. Effective thermal retardation evolution for three Darcy velocities (scenario L1q1–L1q3, Table 2) and three values of
σ2
ln K . The correlation length is constant Lx = 100 m for all cases. The dashed line indicates the value of the apparent thermal

retardation factor Rapp.

Figure 8. Temporal evolution of effective thermal retardation for the three heterogeneous cases (colored circles) compared to
the homogeneous case with (colored crosses) and without (black crosses) thermal macrodispersion (scenario L1q2, Table 2).
The dashed line indicates the value of the apparent thermal retardation factor Rapp.
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in a homogeneous case by merely adjusting the effective thermal dispersion coefficient. Macrodispersion can
only partially explain the change in Reff caused by heterogeneity, again with differences increasing with
increasing heterogeneity (Figure 8). Nonetheless, the reduction in Reff relative to Rapp can be approximately
captured, at least during the initial transport phase, by incorporating macrodispersion into the homogeneous case.

3.6. A New Formula for Effective Thermal Retardation

We derive a formula that accounts for the deviation of effective retardation Reff from apparent retardation Rapp due
to heterogeneity and the thermal transport regime based on the results of the temporal evolution of Reff presented
in Figure 7 and Figure S6 in Supporting Information S1. These results show that Reff decreases at early times with
increasing Péclet number in heterogeneous flow fields, which is attributed to more pronounced preferential flow
and delayed local diffusion into zones of lower hydraulic conductivity. Following Chang and Yeh (2012), we
rewrite the temporal evolution of Reff as a function of a normalized travel time ρf c f q0t

ρbcbLxe for all scenarios. Details can
be found in Supporting Information S1.

We perform a multi‐variable linear regression using ordinary least squares for each normalized time step, where
Reff is treated as the response variable, and the log‐conductivity variance and thermal Péclet number serve as the
predictor variables (Figure 9a). All three coefficients are determined for the normalized travel time of
ρf c f q0 t
ρbcbLxe = 6.6 since the absolute term β0 of the regression curve equals the apparent thermal retardation factor of

Rapp = 2.67 (Figure 9a). The regression curves show a good fit with a coefficient of determination of R2 = 0.94
and a root mean square error of 0.018 (Figure 9b).

Consequently, the effective thermal retardation can be estimated for heterogeneous aquifers (i.e., σ2
ln K > 0) by

Reff = Rapp − 0.071 σ2
ln K − 0.006Pe, (16)

as reduction of the apparent thermal retardation Rapp caused by the degree of hydraulic conductivity heterogeneity
σ2
ln K and the thermal Péclet number Pe, reflecting flow velocity and characteristic length scales. Note that

Figure 9. Results of multi‐variable linear regression to derive an approximate formula for the effective thermal retardation
factor Reff as a function of log‐conductivity variance σ2

ln K and thermal Péclet number Pe: (a) identification of coefficients for
normalized travel time ρf c f q0 t

ρbcbLxe = 6.6; (b) regression results for each log‐conductivity variance, solid lines show regression
curves.
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Equation 16 is limited to advection‐dominated regimes with Pe > 5, and does not incorporate the effect of
porosity and pore‐scale LTNE.

4. Discussion
4.1. Link to Pore‐Scale LTNE

Research indicates that LTNE effects emerge at the pore scale, where significant temperature differences arise
between the solid and fluid phases (Gossler et al., 2019; Hamidi et al., 2019; Heinze &Hamidi, 2017). This mostly
occurs in coarse‐grained materials having higher pore water velocities causing preferential flow which delays
local heat diffusion into solid grains. Gossler et al. (2019) identified such effects by comparing the effective
thermal retardation factor Reff , being potentially influenced by pore‐scale LTNE effects, with the apparent thermal
retardation factor Rapp representative for LTE. Our findings reveal that Reff notably deviates from Rapp even
without considering pore‐scale LTNE effects (i.e., temperature differences between the solid and fluid phases),
primarily due to heterogeneous hydraulic conductivity increasing thermal velocity during the initial transport
phase.

Laboratory experiments and numerical studies indicate that pore‐scale LTNE effects in media with a homoge-
neous grain size distribution generally have a minimal impact on thermal velocities (Baek et al., 2022; Gossler
et al., 2019, 2020; Shi, Wang, et al., 2024). These effects become more relevant at low Péclet numbers combined
with large particle sizes, where reduced interfacial area slows heat exchange between phases. In such cases, using
a pore‐scale LTE model instead of a pore‐scale LTNE model, which employs separate energy balance equations
for the solid and fluid temperatures, results in an overestimation of thermal and flow velocities (Gossler
et al., 2020; Roshan et al., 2014; Shi, Wang, et al., 2024). However, Gossler et al. (2020) and Shi, Wang,
et al. (2024) showed that discrepancies in predicted thermal velocities between pore‐scale LTE and LTNEmodels
at low Péclet numbers occurred specifically under diffusion‐dominated conditions and at small flow distances. In
contrast, our study focuses on advection‐dominated conditions with high Péclet numbers, where previous studies
have consistently shown that pore‐scale LTNE effects on thermal velocity are negligible (Baek et al., 2022;
Gossler et al., 2019, 2020; Shi, Wang, et al., 2024). Additionally, we assume that the spatial scale considered here
corresponds to time scales where the temperatures of the solid and fluid phases are in equilibrium at the pore scale.
Therefore, the assumption of pore‐scale LTE is justified, and pore‐scale LTNE effects are unlikely to influence
thermal velocities in the regimes we investigate.

In contrast, pore‐scale LTNE effects can substantially impact thermal hydrodynamic dispersion (Baek
et al., 2022; Gossler et al., 2019, 2020; Shi, Wang, et al., 2024). For instance, Gossler et al. (2020) found that pore‐
scale LTNE effects increased thermal dispersion by a factor of more than 30, while Shi, Wang, et al. (2024)
reported an increase by a factor of more than 200. Since our model does not account for such effects by assuming
pore‐scale LTE, this represents a limitation of our study. However, such pore‐scale dispersion enhancements have
been observed primarily under conditions involving large grain sizes (> 7 mm according to Gossler et al. (2020))
and high flow velocities. This range of grain sizes does not apply to the sand aquifer system modeled here.
Furthermore, our focus is on macrodispersivity, which is at least two orders of magnitude higher than pore‐scale
dispersivities (Zech et al., 2015). Given the moderate grain size and field‐relevant scales of our study, the pore‐
scale LTE assumption remains appropriate.

Key sensitive parameters for pore‐scale LTNE are Darcy velocity, particle size as characteristic length, and
porosity (Gossler et al., 2020; Shi, Wang, et al., 2024). This links well to sensitive parameters we identified for
LTNE at field scale, the Darcy velocity and the correlation length, as characteristic length. Both are part of the
thermal Péclet number, and increases in these parameters cause a decrease in the effective thermal retardation
factor Reff at early times. The effect is more pronounced for changes in Darcy velocity than in correlation length.

Bandai et al. (2017) found that larger particle sizes reduce the solid‐fluid surface area, leading to reduced heat
exchange between the solid and fluid phases and consequently delaying heat diffusion into these particles. This
observation can be linked to our findings at field scale, where the dimensions of low hydraulic conductivity zones
are determined by the correlation length. Increasing the correlation lengths (Lx and Ly) enlarges the extent of low
K zones, resulting in a more pronounced delay in heat diffusion into these zones. Thus, we consider heteroge-
neous hydraulic conductivity at the field scale as analogous to grain size distributions at pore scale in terms of
LTNE effects.
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4.2. Parallels to Solute Transport

Given the mathematical equivalence between the governing equations of solute and heat transport, similar effects
of heterogeneity on transport and spreading can be anticipated. For reactive solute transport with linear chemical
adsorption, increasing heterogeneity is expected to reduce effective solute retardation factors. However, Dagan
and Cvetkovic (1993) showed theoretically that, for a kinetically sorbing solute injected instantaneously, the mass
and mean centroid coordinate of the solute plume are unaffected by the variance of the heterogeneous hydraulic
conductivity but depend on the mean flow velocity. In contrast, our results show that increasing log‐conductivity
variance substantially affects effective thermal retardation factors being the analog of the solute retardation factor.
Getting more insights into the analogy between heat and reactive solute transport would require extending our
modeling framework to reactive solute transport with different boundary conditions (instantaneous point injection
instead of continuous line source injection), which is beyond the scope of this study.

4.3. Implications for Heat Tracer Testing and Geothermal Systems

The deviation between effective and apparent thermal retardation factors due to field‐scale LTNE effects holds
implications for subsurface heat applications. For example, heat tracer experiments are often conducted to es-
timate water fluxes in streambeds (e.g., Anderson, 2005; Constantz, 2008; Halloran et al., 2016; Kurylyk
et al., 2019; Rau et al., 2014). While pore‐scale LTNE effects are unlikely to substantially impact water flux
estimates (Gossler et al., 2020), our results indicate that incorporating field‐scale LTNE effects can improve the
accuracy of these estimates.

Previous studies about the effect of streambed heterogeneity on temperature‐based water flux calculations
showed that errors in flux estimates tend to increase with the degree of heterogeneity (Irvine, Cranswick,
et al., 2015; Schornberg et al., 2010) by comparing one‐dimensional analytical solutions with numerical simu-
lations. Their analytical solutions include a thermal velocity that is based on an apparent thermal retardation factor
Rapp. Adjusting the thermal retardation factor to account for log‐conductivity variance and thermal Pe using
Equation 16 can reduce errors in these flux estimates. Using Rapp without accounting for field‐scale LTNE effects
leads to an overestimation of thermal retardation and consequently causes an overestimation of water fluxes
derived from temperature data. Equation 16 further shows that the effect of the log‐conductivity variance on the
reduction of Rapp is approximately 12 times stronger than that of the thermal Péclet number, underscoring the
dominant role of heterogeneity in controlling thermal retardation.

Coupled heat and solute tracer tests for aquifer characterization and estimation of heat transfer parameters (e.g.,
Colombani et al., 2015; Constantz et al., 2003; Hoffmann et al., 2019; Ma et al., 2012; Sarris et al., 2018;
Vandenbohede et al., 2009; Wildemeersch et al., 2014) offer valuable insights into field‐specific conditions. They
have the potential to assess the suitability of Equation 16 for approximating Reff . Hoffmann et al. (2019) found
that assuming a thermal retardation factor based on spatially uniform (i.e., fixed) specific heat capacities was
insufficient to account for heterogeneity present within the strongly advective aquifer environment of their test
site. Therefore, they applied a thermal retardation factor of one, reflecting conservative transport conditions and
indicating that Reff can be substantially lower than Rapp under field conditions, with Rapp estimated to be
approximately 4.6 based on the parameter values given by Hoffmann et al. (2019). Similarly, Colombani
et al. (2015) set the thermal retardation factor to one during the calibration of their numerical model to align with
the BTCs observed in their coupled heat and saline tracer experiment under a forced hydraulic gradient.

Our results align with research findings on the impact of heterogeneity on the efficiency of geothermal systems, in
particular aquifer thermal energy storage (ATES) systems (e.g., Bridger & Allen, 2010; Ferguson, 2007; Sommer
et al., 2013, 2014; Tang & van der Zee, 2022). Recovery efficiency in ATES systems is typically defined as the
fraction of injected thermal energy that is recovered during the extraction phase, calculated as the ratio of the total
extracted thermal energy to the total injected thermal energy, both relative to the ambient groundwater tem-
perature (Bloemendal & Hartog, 2018; Sommer et al., 2013, 2014). As we showed, thermal retardation reduces
with increasing heterogeneity during the initial transport phase, primarily due to preferential flow. Preferential
flow pathways lead to a larger area‐to‐volume ratio of the injected thermal plume, which influences recovery
efficiency of ATES systems (Tang & van der Zee, 2022). Short‐circuiting and thermal interference due to
preferential flow pathways further reduce ATES performance (Bridger & Allen, 2010; Sommer
et al., 2013, 2014).
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Equation 16 provides an option to improve recovery efficiency prediction in ATES systems by using a better
estimate for the thermal retardation factor Reff . Bloemendal and Hartog (2018) demonstrated that high ambient
groundwater flow affects the recovery efficiency of ATES systems substantially. Heat losses due to displacement
depend on thermal velocity, typically approximated as the ratio of seepage velocity and apparent thermal
retardation (va/Rapp). Using an effective thermal retardation factor taking heterogeneity into account further
increases thermal velocities and displacement of heat, particularly during the initial phase of injection. This has
practical implications, as mitigating displacement losses require minimizing the well screen length or maximizing
the stored volume (Bloemendal & Hartog, 2018).

4.4. Limitations of the Present Approach and Future Directions

The modeling approach used in this study incorporates spatially heterogeneous hydraulic conductivity while
keeping the remaining properties constant and assumes pore‐scale LTE. This approach is supported by the
literature and suitable for advection‐dominated regimes in sedimentary aquifers but inevitably involves simpli-
fications that impose certain limitations.

First, the framework does not consider spatial variability of porosity, thereby omitting potential feedbacks from
heterogeneity of this property. In particular, several studies investigating contaminant transport have shown that
porosity heterogeneity, when positively correlated with K, can influence solute transport behavior and uncer-
tainty, affecting BTC arrival times and plume spreading (Hassan et al., 1998; Hu et al., 2009; Libera et al., 2019;
Riva et al., 2008). Although porosity in unconsolidated sediments generally varies less than K, a co‐variation of K
and porosity may influence transport dynamics in certain heat transport scenarios.

Similarly, while heterogeneity in thermal conductivity is considered secondary in aquifers with smoothly varying
sediment properties, it may become more important in settings with sharp lithological contrasts, especially under
conduction‐dominated systems (Fulton & Saffer, 2009). This influence has been explored in prior studies of
heterogeneous sedimentary aquifers: Markle et al. (2006) observed increased thermal dispersion near plume
fronts in simulations with heterogeneous thermal conductivity, whereas Sebok and Müller (2019) and Seibert
et al. (2014) found that assuming spatially uniform thermal properties was generally sufficient to accurately
simulate temperature dynamics.

Second, our model assumes pore‐scale LTE, which may underestimate thermal spreading, as previous studies
have demonstrated that incorporating pore‐scale LTNE effects can significantly enhance thermal dispersion
(Gossler et al., 2020; Shi, Wang, et al., 2024), as discussed in Section 4.1.

Future work may focus on co‐varying fields of K and porosity, for example, by incorporating positive correlations
between these parameters. Likewise, adopting binary or zonated field representations that jointly varyK, porosity,
bulk thermal conductivity, and heat capacity would better capture lithological contrasts, as opposed to the
relatively smooth K transitions considered here. This can be further integrated into multi‐scale modeling
frameworks that solve the two‐phase energy equations for fluid and solid phases to capture potential pore‐scale
LTNE effects. Exploring a broader range of Péclet numbers, especially for Pe < 1, would better characterize
thermal LTNE effects at both pore and field scales across varying thermal regimes. Additionally, there is strong
potential for improving understanding of field‐scale LTNE not only through simulations but also through
combined heat and solute tracer experiments. In particular, systematically comparing thermal and solute transport
velocities from field tracer data could yield valuable insights into actual subsurface transport processes and help
validate estimates of Reff under site‐specific conditions. However, these extensions are beyond the scope of this
study, which focuses on isolating and quantifying the influence of K heterogeneity on field‐scale LTNE effects.

5. Summary and Conclusions
This study investigated the relationship between macro‐scale heterogeneity, thermal retardation, and dispersion
during heat transport in aquifers. We developed a stochastic model of heterogeneous hydraulic conductivity K to
numerically simulate the transient evolution of a heat plume generated by a line‐like heat source within a three‐
dimensional aquifer. To characterize the transient heat plume evolution, we examined scale‐dependent longi-
tudinal thermal dispersion coefficients DL(x) and time‐dependent effective thermal retardation factors Reff . We
identified the effect of heterogeneity on Reff through varying the log‐hydraulic conductivity variance σ2

ln K and
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explored the influence of the thermal Péclet number Pe on Reff by adjusting both the Darcy velocity and the
correlation length of the log‐conductivity field.

A key finding is that with increasing hydraulic conductivity heterogeneity and thermal Pe, effective thermal
retardation Reff becomes lower than apparent thermal retardation Rapp, by up to 14% in the most heterogeneous
(σ2

ln K = 3) and most advective cases (Pe= 25.03) considered. The main cause is higher thermal velocities at early
times, caused by preferential flow in high‐K zones and delayed heat diffusion in low‐K zones. We termed the
deviation of Reff from Rapp in spatially heterogeneous aquifers as “field‐scale local thermal non‐equilibrium
(LTNE)” and derived a formula to estimate Reff as a function of aquifer heterogeneity parameters and flow
velocity.

From our findings we draw the main conclusions:

• The effect of heterogeneity (expressed through log‐hydraulic conductivity variance σ2
ln K) is about 12 times

stronger than that of flow velocity (expressed through the thermal Péclet number Pe) in reducing apparent
thermal retardation Rapp.

• The effect of field‐scale LTNE cannot be captured solely by adding thermal macrodispersion in simulations
with homogeneous flow fields. While this approach replicates the heterogeneity‐induced decrease in thermal
retardation at early times, discrepancies with heterogeneous cases increase over time and with greater het-
erogeneity. It also leads to enhanced longitudinal plume spreading during later times before steady‐state is
reached.

• Key sensitive parameters for field scale LTNE effects align well with those found for pore‐scale LTNE: flow
velocity and a characteristic length scale—being particle size at pore scale and correlation length at field scale.

• Using an adjusted thermal retardation factor accounting for aquifer heterogeneity will enhance the accuracy of
flux estimates using heat tracer techniques and predictions of recovery efficiency in ATES systems.

We see high potential for more research on field‐scale LTNE effects. Direct next steps will include (a) a sys-
tematic comparison between thermal and solute transport velocities through joint heat and solute tracer field
experiments to identify field‐specific conditions and validate the formula for estimating Reff ; (b) investigating the
field‐scale LTNE effect across a broader range of thermal Péclet numbers, particularly for Pe < 1, to gain un-
derstanding of diffusion‐dominated thermal regimes. Moreover, using multi‐scale numerical models are an option
to effectively integrate pore‐scale LTNE and study their effects on hydrodynamic dispersion with field‐scale
LTNE effects and macrodispersion.

Acronyms
ATES Aquifer thermal energy storage

BHE Borehole heat exchanger

BTC Breakthrough curve

LTE Local thermal equilibrium

LTNE Local thermal non‐equilibrium

RMSE Root mean square error
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