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Summary

A new approach to estimate the heat loss from thermal energy storage tank

foundations is presented. Results are presented through analytical correlations

based on numerical solutions for the steady‐state heat conduction problem for

thermal energy slab‐on‐grade tanks with uniform insulation. Model results

were verified with other well‐established benchmark problems with similar

boundary conditions and validated with experimental data with excellent

agreement. In addition to the TES foundation heat loss, new correlations for

the maximum temperature and for the radial evolution of the temperature

underneath the insulation layer are also provided, giving important informa-

tion related to the tank foundation design. The correlated variables are of

primordial importance in the tank foundation design because, due to the typi-

cal high operating storage temperatures, an inappropriate tank foundation

insulation would lead not only to a not desired loss of energy but also to an

inadmissible increase of the temperatures underneath the insulation layer,

affecting the structural stability of the tank. The proposed correlations provide

a quick method for the estimation of total tank foundation heat losses and soil

maximum temperature reached underneath the insulation layer, saving time,

and cost on the engineering tank foundation design process. Finally, a compre-

hensive parametric analysis of the variables of interest is made and a set of

cases covering a wide range of tank sizes, insulation levels, depths to water

table, and storage temperatures are solved.
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1 | INTRODUCTION

Concentrated solar power in combination with thermal
energy storage (TES) has the distinctive advantage in
comparison with other sources of renewable energy that
its generated energy can be collected and shifted over
time, solving the mismatch between solar energy supply
and electricity demand. The most commercially accepted
thermal storage design, which have demonstrated reliable
operation at commercial‐scale within their capable
temperatures, is an indirect two‐tank molten salt storage
system. In this storage design, molten salt interacts with
the solar field heat transfer fluid through a heat
exchanger and is collected separately at different temper-
ature levels in the denominated “cold” and “hot” tanks.
TES systems' temperature levels in utility‐scale solar
power plants (SPPs) vary depending on the application,
reaching typically temperatures of 292°C to 386°C for
parabolic trough plants and 292°C to 565°C for central
receiver plants with molten salts. Molten salt‐based TES
systems despite having low overall efficiencies have rela-
tively low capital costs as well, which makes them a good
candidate for TES systems.1

Thermal energy storage is a key component of any
successful thermal system, and a good TES should allow
minimum thermal energy losses, leading to energy sav-
ings, while permitting the highest possible extraction
efficiency of the stored thermal energy.2 An adequate
tank insulation design is primordial to minimize thermal
losses from the tank to the environment through the
tank's walls, roof, and foundation. These thermal losses
cause the decrease of the storage media temperature
and the increase of the tank surroundings temperature,
and so a reduction of the TES efficiency. Even though
thermal losses through the tank walls and roof represent
a more important percentage of the total heat losses
when the tank is filled to its maximum charging level,
it is also necessary to control the foundation heat losses.
Otherwise, it would lead to a not desired loss of energy,
with a reduction of TES efficiency. In addition, founda-
tion thermal losses have other adverse thermal effects
in the molten salt and the soil underneath the tank.
An appropriate insulation of the foundation is necessary
because it minimizes the risk of local crystallization of
the molten salts at the bottom of the tank. This risk is
especially important during long standby periods when
the salt mixture has a relatively high crystallization point
and when the tank is filled to its maximum charging
level, because the minimum local temperatures in the
molten salt media are reached at the proximities of the
bottom of the tank.3 This local crystallization risk must
be avoided because it would cause the collapse of the
entire plant and also because molten salt cost represents
the greatest TES cost item, estimated to be about 50% of
the total cost.4 Furthermore, tank material layers and
soil underneath the tank must be preserved from
reaching temperatures over a maximum admissible
value from which the structural properties would be
deteriorated, affecting the structural stability of the tank
and increasing the risk of total or differential settlements
into the ground.

Typical foundation designs in state‐of‐the‐art TES
tanks include two main approaches: (1) the combined
design of an adequate insulation with a ventilated system
of cooling pipes embedded within the foundation; (2) the
design of an adequate foundation insulation that provides
itself enough thermal protection to the concrete and soil
layers underneath the insulation layer. Due to the
coupled nature of the problem, heat transfer through
the ground has long been recognized as being a substan-
tially more complex problem compared with that through
components above ground. While a considerable number
of research efforts on ground‐coupled heat losses applied
to buildings can be found in the open literature with
detailed foundation heat losses models,5-8 including some
design guides, such as ASHRAE (1997)9 or CIBSE
(1986),10 less information in quantity and in level of detail
can be found in the field of TES tanks applications. In
some works, simplifications in the models for TES appli-
cations are excessive, assuming that no heat transfer
occurs from the top or the bottom of each tank,11 or
considering only an overall heat transfer coefficient to
take into account the total heat losses,12-14 without
distinguishing the contributions of the different parts:
wall, top, and bottom. More detailed thermal models to
obtain the heat losses in TES tank's plants can be found
in references Schulte‐Fischedick et al,15 Zaversky et al,16

and Rodríguez et al.17 In these investigations, a tank
based on the geometry and operating conditions of the
Andasol‐1 commercial trough power plant is analyzed,
and the heat losses are evaluated. However, although
the tank geometry and the operating conditions used
were similar, the reported results in terms of the bottom
heat losses were quite different between them, with
differences above 100%. More recently, Bonilla et al18

developed a thermal tank model and validated it experi-
mentally in charging and discharging processes and also
at rest state to validate thermal losses dynamics. How-
ever, in this work, it was only reported the evolution of
molten salts and air temperatures inside the tank, being
not possible to deduce the tank foundation heat losses
separately from the total tank heat losses. Also recently,
Prieto et al19 built a solar power pilot plant with a two‐
tank solar storage system with molten salts and carried
out the experimental evaluation of the temperature distri-
bution inside the tanks and their heat losses. Heat losses
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through the walls and top of the tank were measured, and
the reported results of 79 and 73 W/m2, respectively, were
successfully verified with a 1‐D steady state model. How-
ever, in that work, it was specified that in the case of the
measured bottom heat losses of 61 W/m2, the complexity
of the model and the lack of literature made impossible
the comparison of the experimental results. In a previous
work of the present authors,20 a multilayer analytical
model for the estimation of the tank's bottom heat losses
in steady state is developed for the case of ventilated
foundations, with cooling pipes embedded within the
foundation. In that work, the foundation ventilation
system is assumed to be designed to establish a constant
uniform temperature in the concrete layer below the
maximum admissible temperature. A fraction of the total
bottom losses is extracted to the environment and the rest
is conducted through the soil. The results were discussed
in detail through a comprehensive parametric analysis
and summarized graphically, providing a quick method
for the estimation of the ventilation heat losses and the
heat loss to the soil separately. However, results of that
previous work cannot be applied to the case of founda-
tions without a ventilation system because in this config-
uration the temperature underneath the tank is unknown
a priori and variable in the radial direction, being the
conduction problem different and more complex to solve.

The high differences found in the literature review in
the estimation of the bottom heat losses15-17 and the lack
of specific studies applied to TES tank foundation heat
losses suggest the necessity of a more accurate calcula-
tion method. To address this issue, in the present work,
the classical problem of ground‐coupled conduction is
revised for the practical application of slab on grade
TES tanks, providing a quick and accurate method to
calculate the tank foundation heat losses. Furthermore,
new analytical correlations for the maximum tempera-
ture and also for the radial evolution of temperature
underneath the insulation layer are also investigated as
function of the input parameters. These correlations pro-
vide a valuable contribution to TES tank foundation
design stage, in which it must be verified that the
soil underneath the tank is preserved from reaching
excessive temperatures. According to the authors' best
knowledge, no publications can be found in the litera-
ture providing such an analytical method addressing this
particular issue.
FIGURE 1 Sketch of a cylindrical slab‐on‐grade storage tank

[Colour figure can be viewed at wileyonlinelibrary.com]
2 | METHODOLOGY

The problem formulation and the solution procedure are
presented in this section. Furthermore, the mathematical
model and the main characteristics of the numerical
approach are also described and justified through a verifi-
cation and validation process with other well‐established
benchmark problems and experimental data.
2.1 | Description of the problem

The sketch of a cylindrical slab‐on‐grade storage tank of
radius R with uniform insulation, thickness tins, and
thermal conductivity λins is shown in Figure 1. The
ground underneath the tank is considered to be homoge-
neous having a constant thermal conductivity λ. Both
cases unsaturated and saturated soils are studied in the
research. For the case of saturated soils, a constant
temperature Twt throughout the year is fixed at the water
table depth D'wt. The tank's bottom heat losses occur
through the slab foundation due to the temperature
gradient that exist between the interior storage tank
temperature (Tstg) and the environment, represented by
the annual mean outdoor temperature (Text) and annual
mean water table temperature (Twt).

State‐of‐the‐art TES tank foundations typically consist
of a thin steel slip plate layer followed by a thin layer of
dry sand, a foam glass insulation layer, and a concrete
thermal foundation.15-17,21-23 With the objective to
simplify the model, only an equivalent thermal layer,
with the total thermal resistance of the foundation layers
considered in series, is assumed in the model. This
assumption is an acceptable and conservative approach
because in most practical situations, the thermal resis-
tance of the slip plate, the sand, and the concrete layer
are negligible in comparison to the foam glass insulation
one. Furthermore, the footings of the foundation, usually
made of concrete with a thermal conductivity similar to
that of the ground in most cases, are considered as
integral parts for the soil medium. The analysis presented
in this paper considers the annual average thermal
performance of the foundation and, thus, is limited to
steady‐state conditions.

http://wileyonlinelibrary.com
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2.2 | Solution procedure

A scheme of the solution procedure performed in this
paper is summarized in Figure 2. A numerical model is
developed to analyze the steady‐state conduction heat
transfer problem that takes place in TES slab on grade
tank's foundation. Simulation results are firstly validated
and verified with other published results in the open
literature. Special attention is paid to the next variables:
maximum temperature achieved underneath the insula-
tion layer (Tmax), radial evolution of the bottom tempera-
ture (Tbottom(r)), and total bottom heat losses Qbottom. A
comprehensive set of numerical simulations is made
covering a wide range of tank sizes (tank radii R), depths
to water table D'wt, insulation thermal resistances, and
storage temperatures. Simulation results of Tmax and
Tbottom(r) are then correlated with appropriate mathemat-
ical functions which depend on the previously described
input parameters. An expression for total bottom heat
losses Qbottom is inferred from the correlation of Tbottom(r)
and verified with the simulation results.
2.3 | Numerical method

The developed numerical model is described in this sec-
tion, with special emphasis in the description of the
model and its boundary conditions (BCs) and the verifica-
tion and validation process. A computational size and
mesh independence study is also included in the analysis.
2.3.1 | Model description, governing
equations, and BCs

Taking advantage of the axisymmetric geometry of the
problem, the 3D problem can be simplified to a 2D axi-
symmetric one of dimensions rdom and zdom representing
the soil underneath the tank. Commercial software
ANSYS Fluent 14.0 (ANSYS, Inc., Southpointe,
FIGURE 2 Solution procedure [Colour figure can be viewed at wiley
Canonsburg, PA, USA) is used to solve numerically the
2D steady‐state heat conduction equation in cylindrical
coordinates24:

1
r

∂
∂r

r
∂T
∂r

� �
þ ∂2T

∂z2
¼ 0; 0 ≤ r ≤ r dom;0 ≤ z ≤ zdom: (1)

With the following BCs:

Axisymmetric axis BC;
∂T
∂r

0; zð Þ ¼ 0; 0 ≤ z ≤ zdom (2)

Adiabatic far field BC;
∂T
∂r

rdom; zð Þ
¼ 0; 0 ≤ z ≤ zdom (3)

Isothermal BC; unsaturated soils; T r; zdomð Þ
¼ Text (4)

Isothermal BC; saturated soils; T r; zdomð Þ ¼ Twt (5)

Isothermal BC; thin layer material; T r; 0ð Þ
¼ Tstg −

tins
λins

; 0 ≤ r ≤ R (6)

Isothermal BC; external temperature; T r; 0ð Þ
¼ Text; R ≤ r ≤ rdom (7)

Defined BCs are imposed directly in the limits of the 2D
computational domain (rdom × zdom), as depicted in
Figure 3.

Axisymmetric axis and adiabatic wall BCs at the far‐
field distance are imposed in the vertical limits of the
domain (Equations 2 and 3). For the case of unsaturated
soils, constant uniform temperature distribution equal
to the deep ground soil temperature is imposed at z = zdom,
as indicated in Equation 4. This uniform temperature dis-
tribution in the deep soil layers, in which the temperature
onlinelibrary.com]
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FIGURE 3 Computational domain and boundary conditions
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distribution remains unchanged throughout the year, can
be taken as a first approach as the annual mean outdoor
temperature.20,25,26 For saturated soils, a constant uni-
form temperature distribution is fixed in the water table
depth as indicated in Equation 5. The water table temper-
ature (Twt) is assumed to be the same as the annual mean
outdoor temperature (Text). The storage tank temperature
is modeled using an isothermal BC, in which the effect of
the tank bottom insulation is also considered and speci-
fied on the outside of the solid domain, defining a thin
wall material of insulation thickness tins and thermal con-
ductivity λins as indicated in Equation 6. Exterior temper-
ature is modeled using an isothermal BC (Equation 7).
FIGURE 4 Sketch of a circular slab‐on‐grade foundation [Colour

figure can be viewed at wileyonlinelibrary.com]
2.3.2 | Verification and validation of the
numerical results

In this section, the performed verification and validation
of the numerical results are described. In order to verify
the mathematical model and the procedure of the investi-
gated numerical approach, the results of the present work
were compared with other similar well‐established bench-
mark problems. To the best of the author's knowledge, no
experimental studies have been published measuring the
TES tank's foundation heat losses or the soil temperatures
underneath the tanks in real‐scale SPP. However, it was
possible to find in the open literature other investigations
related to the heat losses through the foundation for
building applications and also a pilot‐scale tank experi-
mental evaluation of the bottom heat losses. Results
reported in the area of building foundations,7,8 which
have the same circular foundation geometry and similar
BCs in comparison to the present research problem, are
used as a benchmark to verify the numerical results of
the present work in terms of bottom heat losses and soil
isotherms. Firstly, the numerical results obtained by
Hagentoft7 for the steady‐state heat losses in a circular
slab are used as a benchmark to establish the computa-
tional domain size and mesh refinement of the proposed
numerical model. Secondly, the results in terms of the soil
isotherms are compared with the results reported by
Chuangchid and Krarti8 to gain confidence in the numer-
ical model setup. Finally, numerical results are validated
with the experimental results of the bottom heat losses
obtained by Prieto et al19 in a pilot‐scale TES tank.
2.3.3 | Model computational size and grid
independence study

An analysis of the amount of soil to model, defined by the
far‐field distance rdom and deep ground distance zdom, and
the number of nodes and its distribution is developed
for two insulated circular slabs of 20‐m radius over a
sandy unsaturated soil with a thermal conductivity of
λ = 2 W/mK. Temperature difference is fixed at 100°C,
and the considered thermal insulations are 40 and
80 cm for cases 1 and 2, respectively, with an insulation
thermal conductivity of λins = 0.06 W/mK. Results
obtained using the expression proposed by Hagentoft7

for the heat loss through the slab bottom, Qbottom, are
used as reference results. He considered a circular slab
of radius R, insulation thickness tins, and thermal
conductivity λins supported directly upon a soil of thermal
conductivity λ, as shown in Figure 4. The temperature
above the slab is Ti, and the temperature at the deep‐
ground soil is Tsoil.

He proposed the following expression for the calcula-
tion of the bottom heat losses7:

Qbottom ¼ λ· Ti − Tsoilð Þ·R·hsc
d
�
R

� �
(8)

where d is the soil equivalent insulation thickness
defined by

d ¼ tins
λ
λins

� �
(9)

http://wileyonlinelibrary.com


FIGURE 5 Selected computational domain and mesh density
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and hsc (d/R) is the heat loss factor, which depends
on the parameter d/R. For slabs with thick insulations
(d/R > 0.6), the heat loss factor can be approximated with
an error below a 3% in comparison with numerical results
with the expression:

hsc
d
�
R

� � ¼ π
d
�
R þ 4

3π :=
(10)

Firstly, an independence study is performed for three dif-
ferent domain sizes (2R × 2R, 5R × 5R, and 9R × 9R),
keeping approximately fixed the mesh size with a grading
ratio of 1.01 in both radial and depth directions, taking
the reference at the point (r,z) = (R,0). Results included
in Table 1 indicate that an enlarged domain of rdom = 5R
and zdom = 5R or equivalently of 100 m × 100 m was
enough to properly model the problem, with a maximum
error of 2.2% in comparison with the reference results.
The benefits in the accuracy in terms of the results of
the use of a longer computational domain of dimensions
9R × 9R of only a 0.2% in comparison with the bench-
mark data are not justified due to the high increase of
the computational time in the simulations.

Secondly, an independence study is performed for
three different mesh densities of 10 000, 40 000, and
72 000 nodes, respectively, keeping fixed an enlarged
domain of rdom = 5R and zdom = 5R and a grading ratio
or 1.01. Results included in Table 2 show very similar
results in terms of the bottom heat losses for the three
mesh densities, with differences in the accuracy of the
results below a 0.1%. The mesh size of 40 000 nodes is
chosen, with a maximum error of 2.2% in comparison
with the reference results. The coarsest mesh of 10 000
nodes, although also giving good results, was discarded
in an effort to improve accuracy of local results in regions
TABLE 1 Soil domain size sensitivity analysis

Case rdom/R zdom/R Nr_R Nr_ext

1 2 2 100 100

2 5 5 100 100

3 9 9 125 250

Hagentoft7 ‐ ‐ ‐ ‐

TABLE 2 Soil domain mesh sensitivity analysis

Case rdom/R zdom/R Nr_R Nr_ext

1 5 5 50 50

2 5 5 100 100

3 5 5 150 180

Hagentoft7 ‐ ‐ ‐ ‐
near the tank foundation where temperature gradients
are expected to be high. The finest mesh of 72 000 nodes
was not considered because the obtained benefit in the
results accuracy of only 0.1% in comparison with the
chosen mesh is not justified due to the significant
increase of the computation time.

From this sensitivity analysis, an enlarged domain of
rdom/R = 5 and zdom/R = 5 and a mesh size of 40 000
nodes is selected for the computational model. In
Figure 5, a sketch of the selected computational domain
and mesh density is shown. A numerical model with
these characteristics is used hereafter to solve the conduc-
tive problem in the soil underneath the TES tanks.
2.3.4 | Total bottom heat losses
verification

Further verifications were done to compare the results of
the present work in terms of the bottom heat losses with
Nr_total Nz Ntotal Q1 (W) Q2 (W)

200 150 30 000 11 806 7212

200 200 40 000 11 778 7201

375 275 103 125 11 756 7193

‐ ‐ ‐ 11 517 7149

Nr_total Nz Ntotal Q1 (W) Q2 (W)

100 100 10 000 11 773 7198

200 200 40 000 11 778 7200

330 400 72 000 11 782 7202

‐ ‐ ‐ 11 517 7149



SUÁREZ ET AL. 445
the results obtained using the expressions proposed by
Hagentoft7 in Equations 8 to 10. A total of 16 numerical
simulations were performed for two slabs of 10 and
20 m of radii and different insulation levels, ranging from
0.4 to 1 m and from 0.2 to 1 m with steps of 0.1 m of insu-
lation thickness, respectively. The rest of the parameters
were kept constant (λ = 2 W/m K, λins = 0.06 W/m K,
and Ti‐Tsoil = 100°C). Results are shown in Figure 6.

Soil isotherms verification
In addition to the total bottom heat losses verification
described in the previous section, further verification is
made in terms of the temperature distribution under-
neath the slab to test the selected numerical model setup.
In the verification case, it is considered a water table at a
depth of 5 m below the soil surface with a constant tem-
perature of Twt = 10°C. Room air temperature above the
FIGURE 6 Total bottom heat losses verification. Present work vs

Hagentoft benchmark results7 [Colour figure can be viewed at

wileyonlinelibrary.com]

FIGURE 7 Soil isotherms verification.

Present work vs Chuangchid and Krarti

benchmark results8 [Colour figure can be

viewed at wileyonlinelibrary.com]
slab is 20°C, and the annual average ambient air temper-
ature is Text = 15°C. In Figure 7, the numerical results
reported by Chuangchid and Krarti8 for the soil tempera-
ture distribution for isotherms ranging from 11°C to 19°C
on ground floors without any thermal insulation (cross
points) are compared against the results obtained in the
present work (solid lines), with excellent agreement
between them.

Bottom heat losses validation
The bottom heat losses per unit area results obtained in
the present work are validated with the experimental
results obtained by Prieto et al19 in a solar power pilot‐
scale plant in Lérida (Spain). They built a solar power
pilot plant with a two‐tank solar storage system with mol-
ten salts and carried out the experimental evaluation of
the temperature distribution inside one of the storage
tanks of 1.2 m of internal diameter. They also measured
the tank heat losses, reporting a bottom heat loss of
61 W/m2. In order to evaluate the bottom heat losses, sur-
face temperature sensors (PT‐100) were used and placed
in the transition of different materials, particularly
between the storage tank and the upper foundation mate-
rial layer (Tbottom) and between the lower foundation
material layer and the ground (TGround). The measured
values during the steady‐state experiment were 369.5°C
and 32.6°C, respectively, for Tbottom and TGround. Using
Fourier's law of heat conduction,21 it is straightforward
to obtain the experimental equivalent thermal resistance
of the bottom foundation (Equation 11).

R′

ins ¼
Tbottom − TGroundð Þ

qbottom
¼ 5:51 m2K=W (11)

Numerical simulations were performed with the model
setup defined for the same tank radius and thermal
resistance parameters (R = 0.6 m, R'ins = 5.51 m2 K/W).
In the absence of experimental data of the exterior
temperature measurements and soil characteristics, Text

http://wileyonlinelibrary.com
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is fixed to 15°C (typical value of the average annual
temperature in Lérida), and an unsaturated sandy soil
(thermal conductivity of 2 W/mK) is assumed for the base
case. The obtained simulated result of the bottom heat
losses per unit area was 62.81 W/m2, showing an
excellent agreement with the experimental results, with
an error of only a 3.0%. In order to estimate and delimit
the error caused by the uncertainty in the input parame-
ters of exterior temperature and type of soil, nine
additional scenarios were considered, covering the
combination of three different exterior temperatures of
10°C, 20°C, and 30°C and three different types of soils:
clay, sand, and rock with thermal conductivities of 1.5,
2, and 3.5 W/mK, respectively. Simulation results are
presented and compared with the experimental results in
Table 3. Results show that numerical simulations
can accurately predict the bottom heat losses. The pre-
dicted bottom heat losses vary in the range of 59.7 to
64.32 W/m2 depending on the exterior temperature and
type of soil, with deviations below 5.5% in the worst con-
sidered scenario (Text = 10°C and rocky soil) in compari-
son with the experimental measurement reported by
Prieto et al.19
2.4 | Dimensionless variables

Using the described numerical model, a comprehensive
set of 120 cases of tanks with different radii, levels of
insulation, and water table depths were simulated and
analyzed in terms of the variables of interests: (1) Tmax,
maximum temperature under the insulation layer; (2)
Tbottom (r), radial temperature evolution in the tank bot-
tom surface; and (3) Qbottom, total bottom heat losses.
Tmax is reached in the intersection of the tank foundation
in contact with the ground with the symmetry axis of
TABLE 3 Bottom heat losses per unit area validation. Present work v

Case Text, °C Type of soil

Base 15 Sand

1 10 Clay

2 10 Sand

3 10 Rock

4 20 Clay

5 20 Sand

6 20 Rock

7 30 Clay

8 30 Sand

9 30 Rock

Prieto et al19 ‐ ‐
storage tank. As the temperature of the soil at any depth
is below this value, this variable is a useful indicator for
the tank insulation design. The radial evolution of Tbottom
(r) is also studied in this research. By knowing Tbottom (r),
total heat losses can be inferred from solving the integral
form of Fourier's Law:

Qbottom ¼ ∫
r¼R

r¼0

Tstg − Tbottom rð Þ� �
tins=kins

2πr dr

¼ ∫
r¼R

r¼0

Tstg − Tbottom rð Þ� �
R′

ins

2πr dr (12)

where Tstg is the storage temperature and R'ins is the
equivalent insulation thermal resistance, defined as the
ratio between the insulation thickness tins and the insula-
tion thermal conductivity λins. Both Tstg and R'ins are
assumed to be constant.

To reduce the number of input independent variables
in the problem, a set of dimensionless variables is
defined: (1) dimensionless radius r* = r/R; (2) dimension-
less depth Z = z/R; and (3) dimensionless equivalent
insulation Deq = d/R, where the same definition used in
Hagentoft7 is used for the equivalent insulation thickness
d = tins ·λ/λins.

A dimensionless temperature is defined in Equation 13:

θ ¼ T − Text

Tstg − Text
¼ T − Text

ΔT
: (13)

With this definition, temperature is scaled, being the lowest
possible value θ = 0 for T = Text and the highest possible
value θ = 1 for T = Tstg. Maximum soil temperatures are
reached underneath the tank axis at z = 0. Particularizing
Equation 13, the corresponding maximum dimensionless
temperature (θmax) is defined as
s experimental results19

λ, W/mK q, W/m2 Error, %

2 62.81 3.0

1.5 63.22 3.6

2 63.69 4.4

3.5 64.32 5.4

1.5 61.46 0.8

2 61.92 1.5

3.5 62.53 2.5

1.5 59.7 −2.1

2 60.15 −1.4

3.5 60.74 −0.4

‐ 61.00 ‐
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θmax ¼ Tmax − Text

Tstg − Text
: (14)

The main dimensionless variables affecting the bottom
heat losses are the insulation level, determined by the
dimensionless equivalent insulation Deq, and the water
table depth, determined by the dimensionless depth Z. Sim-
ulation results of θmax and θbottom(r) are correlated with
proper functionswhich depend on the previously described
dimensionless input parameters Deq and Z. Then, operat-
ing with Equations 13 and 14, Tmax and Tbottom(r) are
obtained, and an expression for the total bottom heat losses
Qbottom is inferred by solving the integral in Equation 12
and verified with the simulation results.

3 | RESULTS AND DISCUSSION

Correlations of the variables of interest based on the sim-
ulation results are presented in this section. Furthermore,
a parametric analysis is performed using the proposed
correlations for the estimation of bottom density heat flux
qbottom for TES tanks applications.

3.1 | Simulated cases

A comprehensive set of 120 cases of TES tanks with dif-
ferent radii, levels of insulation, and water table depths
were simulated and analyzed. The variation in the input
data is summarized in Table 4.

Firstly, numerical results were analyzed in terms of
the ND (non‐dimensional) variables of interests: θmax,
θbottom (r*). Thereafter, the dimensional variables Tmax,
Tbottom(r), and Qbottom were derived.
FIGURE 8 ND maximum temperature θmax as a function of ND

water depth Z and ND insulation level Deq [Colour figure can be

viewed at wileyonlinelibrary.com]
3.2 | θmax simulation results and proposed
correlation for Tmax

The ND maximum temperature results obtained with the
numerical simulations are analyzed in this section, and a
TABLE 4 Input data of simulated cases

Variable. Fixed parameters: Tms = 110°C, Text = 10°C, λ = 2 W/m

Tank radius R (m) 20

Dimensionless radius r* r*ϵ [0,1]

Water table depth (m) None, 40, 20, 10

Dimensionless water table depth Z Z ϵ [0,5]

Insulation thermal resistance R'
ins (m

2/WK) 1.67‐16.67 (10 v

Dimensionless equivalent insulation Deq Deq ϵ{0.17‐1.67}

Simulated cases 50

Total simulated cases 120
correlation as a function of the ND independent variables
Deq and Z is proposed to estimate the simulated results.

In Figure 8, simulation results in dimensionless terms
are shown for the evolution of the ND maximum temper-
ature as a function of the ND water table depth Z = D'/R
for different values of the ND insulation level Deq = d/R.

Two regions can be distinguished, one for low water
table depths, values of Z = D'wt/R ≤ 1, in which impor-
tant variations of θmax are observed and its complemen-
tary region, values of Z = D'wt/R > 1, in which θmax

remains approximately constant for each Deq value. From
this results, it can be derived that only in the cases in
which water table depths are lower than the tank radii,
the water table depth has an impact on the maximum
temperature reached underneath the tank.

In a preliminary analysis, different mathematical
functions were tested against the simulation results
shown in Figure 8 for a fixed value of Deq. From this pre-
liminary analysis, a mathematical function of the form
presented in Equation 15 is selected to properly fit the
simulation results (c1, c2, and c3 are constants for each
fixed Deq value).

θmax Zð Þ ¼ c1· 1 − exp c2Z
c3ð Þ½ � (15)
K.

10

r*ϵ [0,1]

, 5 (5 values) None, 25, 12.5,10, 6.25, 5, 3.125 (7 values)

Z ϵ [0,5]

alues) 1.67‐16.67 (10 values)

(10 values) Deq ϵ{0.33‐3.33} (10 values)

70
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The proposed correlation for θmax, as a function of the
ND parameters Deq and Z, has the mathematical form
given by Equation 16:

θmax Deq;Z
� � ¼ f 1 Deq

� �
· 1 − exp g1 Deq

� �
Zh1 Deqð Þ� �h i

(16)

where f1(Deq), g1(Deq), and h1(Deq) are functions exclu-
sively of the ND insulation level defined in Equations 17,
18, and 19:

f 1 Deq
� � ¼ 1:05

1þ 1:49·Deq
(17)

g1 Deq
� � ¼ −2:35þ 0:6

D0:5
eq

(18)

h1 Deq
� � ¼ 1:13·Deq

0:075þ 0:075·Deq
(19)

θmax correlation results are compared with the simulation
results in Figure 9, where the 45° red solid line indicates a
perfect fit between them.

Coefficients used in the proposed correlation have
been adjusted in a way that the results are conservative,
obtaining values of θmax higher than the simulation
results. A good agreement between the correlation and
the simulation results was found with an average error
of 4.7% and a maximum error of 9.5% in the worst case.
FIGURE 9 θmax correlation results in comparison with

simulation results [Colour figure can be viewed at

wileyonlinelibrary.com]
The results in terms of the dimensional Tmax can be
easily obtained combining Equations 14 and 16:

Tmax Deq;Z
� � ¼ Text

þ f 1 Deq
� �

· 1 − exp g1 Deq
� �

Zh1 Deqð Þ� �h i
·ΔT:

(20)

3.3 | θbottom(r*) results and proposed
correlations Tbottom(r) and Qbottom

The results obtained with the numerical simulations for
the evolution of the normalized ND temperature θ/θmax

in ND radial direction r* = r/R are analyzed in this sec-
tion. Using this normalized ND temperature, all bottom
temperature profiles pass through the points (r* = 0,
θ/θmax = 1) and (r* = 1, θ/θmax➔0). A correlation as a
function of the ND independent variables Deq and Z is
proposed to estimate the simulated results.

In Figure 10, the simulation results in dimensionless
terms are shown for the evolution of the normalized ND
temperature with r* for four different values of Deq, where
Z is fixed. Results show a decrease in the values of θ/θmax

in all the range of r* for increasing values of Deq. It is
observed that the reduction in θ/θmax is higher for lower
values of Deq and also that for values of Deq equal or
higher than 0.67 the temperature profiles are approxi-
mately the same. This observation is coherent with the
fact that although heat loss decreases as the insulation
thickness increases, the heat loss decreases more rapidly
with smaller insulation thicknesses values (in ND terms,
Deq = 0.17 and Deq = 0.33) in comparison with higher
insulation thicknesses (in ND terms, Deq = 0.67 and
Deq = 1.17).

In Figure 11, the simulation results in dimensionless
terms are shown for the evolution of the ND temperature
with r* as a function of four different values of Z, where
FIGURE 10 Evolution of θ/θmax with r* for different Deq values,

Z fixed [Colour figure can be viewed at wileyonlinelibrary.com]
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FIGURE 11 Evolution of θ/θmax with r* for different Z values,

Deq fixed [Colour figure can be viewed at wileyonlinelibrary.com]
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Deq is fixed. Results show a decrease in the values of
θ/θmax in all the range of r* for increasing values of Z. It
is observed that the reduction in θ/θmax is higher for
lower values of Z and also that for values of Z equal or
higher than 1 the temperature profiles are approximately
the same, in concordance with the behavior observed for
θmax previously in Figure 8.

In a preliminary analysis, different mathematical func-
tions were tested against the simulation results shown in
Figure 11 for a fixed value of Z. From this preliminary
analysis, a mathematical function of the form presented
in Equation 21 is selected to properly fit the simulation
results (c4 is constant for each fixed Deq and Z values).

θbottom r*
� � ¼ θmax 1−r*

2
� � c4ð Þ

(21)

The proposed correlation for θbottom(r
*) has the form

θbottom r*
� � ¼ θmax 1−r*

2
� �f 2 Deq;Zð Þ

(22)

where θmax can be obtained with the functions defined in
section 3.2.2 and f2(Deq,Z) is a function of the ND
insulation level and the ND depth to water table defined
in Equation 23:

f 2 Deq;Z
� � ¼ 0:47·Deq

0:25þ Deq
· 1 − exp −4:55·Z1:27

� �	 

: (23)

Equivalently, Equation 22 can be expressed in dimen-
sional form, by substituting Equation 13 and r* = r/R and
clearing Tbottom(r):

Tbottom rð Þ ¼ Tstg

þ θmax Deq;Z
� �

· 1−
r2

R2

� �f 2 Deq;Zð Þ
− 1

" #
·ΔT

(24)

where θmax and function f2 only depend on the ND
parameters Deq and Z.
Total bottom heat losses are inferred by substituting
the expression of Equation 24 in the integral of
Equation 12 and solving it:

Qbottom ¼ ∫
r¼R

r¼0

Tstg − Tbottom rð Þ� �
Rins

2πr dr

¼ πR2ΔT
Rins

1 −
θmax

f 2 Deq;Z
� �þ 1

 !

¼ πR2ΔT
Rins

·f 3 Deq;Z
� �

(25)

where the term in brackets can be interpreted as a dimen-
sionless reduction factor f3(Deq,Z) of the total heat bottom
losses assuming an effective temperature difference
ΔT = Tstg − Text.

f 3 Deq;Z
� � ¼ 1 −

θmax

f 2 Deq;Z
� �þ 1

: (26)

Alternatively, from Equation 25, it is derived in
Equation 26 the expression for the total bottom heat
losses per unit area:

qbottom ¼ ΔT
Rins

1 −
θmax

f 2 Deq;Z
� �þ 1

 !

¼ ΔT
Rins

f 3 Deq;Z
� �

: (27)

A slight modification of Equations 25 and 27 is proposed
for the correlation of Qbottom and qbottom in order to adjust
the results in a way that the results are conservative in
comparison to the simulation results. In Equations 28
and 29, the final expressions for the Qbottom and qbottom
correlations as a function of the ND variables Deq and Z
are shown:

Qbottom ¼ 1:01·π·R2ΔT
Rins

f 3 Deq;Z
� �

(28)

qbottom ¼ 1:01·
ΔT
Rins

f 3 Deq;Z
� �

(29)

Qbottom correlation results are compared with the simula-
tion results in Figure 12, where the 45° red solid line
indicates a perfect fit between them.

Coefficients used in the proposed correlation have
been adjusted in a way that the results are conservative,
obtaining values of Qbottom higher than the simulation
results. A good agreement between the correlation and
the simulation results was found with an average error
of 0.7% and a maximum error of 2.9% in the worst case.
Same deviations are obtained for results of qbottom. For
the pilot‐scale tank described in subsection 2.3.2.4, corre-
lation results (qbottom = 63.36 W/m2) agree with the
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FIGURE 12 Qbottom (W) correlation results in comparison with

simulation results [Colour figure can be viewed at

wileyonlinelibrary.com]
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experimental results obtained by Prieto et al19

(qbottom = 61.00 W/m2) with an error of 3.9%.
3.4 | Summary and foundation design
problem formulation

In this section, the proposed correlations are compacted
and summarized as a function of the input parameters
Text, Deq, Z, ΔT, R, and Rins, where the insulation and
water table depth dimensionless variables are defined
as: Deq = (tins ·λ)/(λins·R) and Z = D'wt/R.

From Equations 17 to 20, the resulting correlation for
the maximum temperature Tmax is

Tmax ¼ Text þ 1:05
1þ 1:49·Deq

· 1 − exp −2:35þ 0:6
D0:5

eq

 !
·Z

1:13·Deq
0:075þ0:075·Deq

 !" #
·ΔT:

(30)

From Equations 16 to 19 and 23 to 24, the resulting
correlation for the bottom temperature as a function of
the radial coordinate Tb(r) is
Tb rð Þ ¼ Tstg

þ 1:05
1þ 1:49·Deq

1− exp −2:35þ 0:6
D0:5
eq

 !
·Z

1:13·Deq
0:075þ0:075·Deq

� � !" #( )
1−

r2

R2

� � 0:47·Deq
0:25þDeq

· 1− exp −4:55·Z1:27
� �	 


− 1

8<
:

9=
;ΔT

(31)
From Equations 16 to 19 and 23, 26, and 29, the resulting
correlation for the bottomheat losses per unit area qbottom is
qbottom ¼ 1:01·
ΔT
Rins

1 −

1:05
1þ 1:49·Deq

· 1 − exp −2:35þ 0:6
D0:5
eq

 !
·Z

1:13·Deq
0:075þ0:075·Deq

� � !" #

0:47·Deq

0:25þ Deq
· 1 − exp −4:55·Z1:27ð Þ½ � þ 1

8>>>>><
>>>>>:

9>>>>>=
>>>>>;
:

(32)

The application of correlations presented in Equations 30
to 32 provides relevant information related to the thermal
foundation tank design and can be used for different pur-
poses. The direct application of Equations 30 to 32 pro-
vide an estimation of the thermal behavior for a given
foundation design with any combination of fixed input
parameters. In other cases, the foundation design is con-
straint to additional thermal requirements related to the
maximum admissible temperatures in the soil under-
neath the tank and to maximum admissible heat loss
per area. In most practical situations as the location, the
soil characteristics, the operating temperature, and the
tank size are fixed, only the insulation thickness can be
changed in the design. Under these circumstances, the
design problem consists of obtaining the minimum insu-
lation thickness that fulfills the foundation thermal
requirements, formulated in Equations 33 and 34.

Minimize insulation thickness

Tmax < T max;adm (33)

qbottom < qbottom;adm: (34)

In the next section, the proposed correlations are used,
and the results for different combinations in the input
parameters are analyzed for TES tanks applications.
3.5 | Parametric analysis

In this section, a parametric analysis is performed, and
the variation of qbottom is examined for the relevant vari-
ables of the problem: insulation thermal resistance, type
of soil, tank radius, storage temperature, and depth to
water table. The maximum temperature achieved under-
neath the insulation layer of 70°C, 80°C, 90°C, 100°C,
150°C, and 200°C are also indicated in the analysis in
all the figures.
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3.5.1 | Effect of the insulation thermal
resistance

As previously mentioned, in most practical situations,
only the insulation thermal resistance can be changed
in the design, as the other parameters are predetermined.
Figure 13 depicts the variation of qbottom as a function of
the insulation thermal resistance (R'ins) for four different
values of storage temperature (Tstg) typical in TES tanks
operation. Storage temperatures of 292°C, 386°C, and
565°C are typical operation temperature ranges in com-
mercial parabolic trough and solar tower applications,
while 750°C is selected for illustrative purposed only.
The soil is assumed to be unsaturated with constant ther-
mal conductivity of λ = 2 W/mK. The rest of parameters,
tank radius R, and exterior temperature are assumed to
be constant: R = 20 m and Text = 10°C. Results show a
decrease in qbottom as R'ins increases, showing an asymp-
totic trend, with higher reduction for lower values of
R'ins and lower reduction for higher values of R'ins. Higher
storage temperatures obviously produce higher thermal
FIGURE 13 qbottom (W/m2) as a

function of R'ins for different Tstg (λ = 2 W/

mk, R = 20 m, Text = 10°C) [Colour figure

can be viewed at wileyonlinelibrary.com]

FIGURE 14 qbottom (W/m2) as a

function of λ for different R'ins
(Tstg = 565°C, R = 20 m, Text = 10°C)

[Colour figure can be viewed at

wileyonlinelibrary.com]
losses for a constant value of R'ins. One of the main find-
ings, based in the results of Figure 13, is that to achieve
maximum temperatures below a certain value, a higher
thermal insulation value is required but qbottom remains
approximately constant, especially for temperatures
below 100°C. This result is true for any storage tempera-
ture. For example, qbottom is limited to approximately
14 W/m2 for maximum temperatures of Tmax = 100°C
for any storage temperature value in the range
Tstg = 292°C to 750°C.
3.5.2 | Effect of the type of soil

Figure 14 shows the variation of qbottom as a function of
the soil thermal conductivity (λ) for five different values
of insulation thermal resistance (R'ins). Typical thermal
conductivity values for clayey, sandy, and rocky soils are
highlighted in the figure (λ = 1.5, 2, and 3.5 W/mK,
respectively). Soil is assumed to be unsaturated. The rest
of parameters are assumed to be constant (R = 20 m,
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Tstg = 565°C, and Text = 10°C). Higher soil thermal con-
ductivities cause higher thermal losses, especially for
lower insulation thermal resistances. For example, while
for R'ins = 5 m2 K/W density heat losses vary from
54 W/m2 to 75 W/m2 for clayey and rocky soils, respec-
tively, for higher insulations R'ins = 40 m2 K/W density
heat losses remain approximately constant. Results show
an approximately linear trend between the soil thermal
conductivity and the density heat flux for a given value
of the maximum temperature. For example, fixing the
maximum temperature at Tmax = 100°C, the rate
qbottom/λ is approximately constant and equal to 6.75.
3.5.3 | Effect of the tank size

Figure 15 shows the variation of qbottom as a function of
tank size characterized by the tank radius (R) for five dif-
ferent values of insulation thermal resistance (R'ins). The
rest of parameters are assumed to be constant: unsatu-
rated soil of λ = 2 W/mK, Tstg = 565°C and Text = 10°C.
Results show a decrease in qbottom as R increases, with
higher reduction for lower values of R'ins. For example,
while for R'ins = 5 m2 K/W density heat losses vary from
66 W/m2 to 54 W/m2 for tank radii of 15 to 25 m, for
higher insulations R'ins = 40 m2 K/W density heat losses
remain approximately constant, varying only from 13 to
12 W/m2. For a given value of the maximum tempera-
ture, results show an asymptotic trend between the tank
radius and the density heat flux. For example, fixing the
maximum temperature at Tmax = 100°C, while qbottom
varies from 27 to 17 W/m2 for tank radii of 10 and 15 m
(10 W/m2 of difference), that difference in the case of
tank radii of 15 and 20 m is only 5 W/m2.
3.5.4 | Effect of the storage temperature

Figure 16 shows the variation of qbottom as a function of
the storage temperature (Tstg) for five different values of
insulation thermal resistance (R'ins). The rest of parame-
ters are assumed to be constant: unsaturated soil of
FIGURE 15 qbottom (W/m2) as a

function of R for different R'ins (λ = 2 W/

mk, Tstg = 565°C, Text = 10°C) [Colour

figure can be viewed at wileyonlinelibrary.

com]

FIGURE 16 qbottom(W/m2) as a

function of Tstg for different R'ins (λ = 2 W/

mk, R = 20 m, Text = 10°C) [Colour figure

can be viewed at wileyonlinelibrary.com]
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FIGURE 17 qbottom(W/m2) as a

function of D'wt for different R'ins
(λ = 2 W/mk, Tstg = 565°C, R = 20 m,

Text = 10°C) [Colour figure can be viewed

at wileyonlinelibrary.com]
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λ = 2 W/mK, R = 20 m and Text = 10°C. Results obviously
show a linear increase in qbottom as Tstg increases, as heat
losses are proportional to the temperature difference. For
a given value of the maximum temperature, results show
an asymptotic trend between the tank radius and the den-
sity heat flux. For example, fixing the maximum temper-
ature at Tmax = 100°C, while qbottom varies from 14.8 to
14.1 W/m2 for storage temperatures of 300 and 400°C
(0.7 W/m2 of difference), the variation for storage temper-
atures of 400 and 500°C is only 0.4 W/m2.
3.5.5 | Effect of the water table depth

Figure 17 shows the variation of qbottom as a function of
the water table depth (D'wt) for five different values of
insulation thermal resistance (R'ins). The rest of parame-
ters are assumed to be constant: λ = 2 W/mK, R = 20 m,
Tstg = 565°C, and Text = 10°C. Results show a decrease
in qbottom as D'wt increases. This decrease shows an
asymptotic trend, especially significant for lower values
of R'ins, in the range of 5 to 20 m2K/W. For higher
values of R'ins in the range of 20 to 40 m2K/W the
decrease of qbottom with D'wt is minimal and qbottom is
approximately constant. For a given value of the maxi-
mum temperature, results show an asymptotic trend
between the water table depth and the density heat flux.
For example, fixing the maximum temperature at
Tmax = 100°C, while qbottom varies from 35 to 20 W/m2

for water table depths of 5 and 10 m (15 W/m2 of differ-
ence), the variation for water table depths of 10 and
15 m is only 6 W/m2.
4 | CONCLUSIONS

This paper presents a new approach to predict the heat
transfer of ground‐coupled TES tank foundations.
Mathematical correlations based on steady‐state numeri-
cal solutions of the heat transfer beneath a TES tank have
been proposed for the estimation of the tank foundation
heat losses. The numerical model results were verified
with other well‐established benchmark problems with
similar BCs7,8 and validated with experimental data
obtained from pilot plan scale TES tanks containing mol-
ten salts.19 From the validation analysis, it was found an
excellent agreement with the experimental results, with
an error below 5.5%. Additionally, correlations for the
radial evolution of the temperature underneath the insu-
lation layer and for the maximum temperature achieved
underneath the insulation layer are also presented
separately. According to the authors' best knowledge, no
publications can be found in the literature providing an
analytical methodology that estimates these variables.
Consequently, the proposed analytical correlations pro-
vide relevant information related to TES tank foundation
design. Furthermore, the proposed correlations are func-
tion of well‐defined and easy to calculate dimensionless
parameters related to the tank insulation level (Deq) and
the dimensionless water table depth (D'wt). The direct
application of the proposed correlations provides impor-
tant information related to the tank foundation design
and can be used as a predesign tool to define an appropri-
ate insulation level for given restrictions in the maximum
allowable temperature and bottom heat losses, saving
time, and cost on the engineering tank foundation design
process. The effect of insulation thermal resistance, type
of soil, tank size, storage temperature, and depth to water
table on the maximum temperatures achieved under-
neath the insulation layer and the bottom heat losses
per unit area was analyzed. In particular, it was found
that the total bottom heat loss per unit area is decreased
when the insulation level, the tank radius, or the water
table depths are higher and are increased for higher
soil thermal conductivities and storage temperatures.
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Furthermore, it was found that to achieve the require-
ment of limiting the maximum temperature below a cer-
tain value, higher thermal insulation level is required for
higher storage temperatures but qbottom remains approxi-
mately constant, especially for maximum temperatures
below 100°C.
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