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Abstract

Concentrating solar thermal power plants rely in thermal energy storage systems
in order to provide a stable power supply. However, they might not been able
to meet power plant demands, mainly because of their storage sizes which are
restricted due to economic reasons. One way of mitigating this effect is to control
in an optimal way the charging and discharging processes. For the design and
validation of advanced control strategies, an accurate dynamic model is essential.
For this reason, a dynamic thermal energy tank model intended to be used in
concentrating solar thermal power plant models is presented in this paper. The
developed tank model is validated in charging and discharging processes and also
at rest state in order to validate thermal losses dynamics. Simulation results
are compared against experimental data from the CIEMAT-PSA molten salt
testing facility.

Keywords: Thermal energy storage, sensible heat, dynamic modeling,
transient simulation, molten salt, Modelica.

1. Introduction

Dispatchability on demand is the keystone to provide electricity in a stable
and reliable way, and one of the main issues that renewable energies must tackle.
Solar thermal power has the advantage, over other renewable energies, of storing
thermal energy and thus the ability of mitigating solar irradiance variability to
some extent [35]. This advantage makes solar thermal power appropriate for
large-scale energy production.
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Concentrating Solar Power (CSP) technology uses mirrors to concentrate
the incoming direct normal irradiance onto a receiver where a working fluid
receives heat and thus increases its thermal energy. Thermal energy is used in a
thermodynamic cycle to produce electricity. Part of the working fluid thermal
energy can be stored heating up a storage fluid which is collected in a Thermal
Energy Storage (TES) system. The thermal energy in the storage fluid can be
released when needed to produce electricity.

TES systems, however, may not been able to meet the power plant demand,
mainly because of their storage sizes which are restricted due to economic rea-
sons. This issue is presently an active research area where hybridization with
fossil fuels, as well as with other renewable energy sources, is playing an impor-
tant role [14]. Another way of improving the plant efficiency is by optimizing
the charging and discharging control strategies which highly influence the overall
system performance [41]. In this context, accurate dynamic heat exchanger and
tank models are important for the design, testing and validation of advanced
control strategies.

Different kinds of technologies regarding TES systems: sensible heat, latent
heat, thermochemical, have been studied over the years. Nowadays, sensible
heat materials (i.e. thermal oil, molten salt) are the most widely used in com-
mercial CSP plants [15].

Tank modeling in the literature is too extensive to be summarized in just
one section, due to its relevance in many areas of science and engineering. How-
ever, a few of the most recent and relevant works considering process modeling
of molten salt TES systems, are briefly commented. In [19], a steady-state
tank model integrated in a Parabolic-Trough (PT) solar thermal power plant
for performance evaluation is presented, simulation results are validated against
experimental data from the Andasol-II power plant. The dynamic model of a
PT solar thermal power plant with a direct active two-tank system is intro-
duced in [28], simulation results as well as control techniques are presented in
this paper. Dynamic simulation of a CSP plant with a direct two-tank TES
are presented in [20]. A model was developed to study how a molten salt TES
system could increase the flexibility of a fossil fuel power plant in [21]. In [32],
a modular object-oriented approach to model molten salt storage tanks for con-
centrating solar thermal power plants with focus on transient thermal and fluid
dynamic simulations is detailed. An object-oriented dynamic tank model de-
veloped in Modelica is presented in [41], heat loss mechanisms are evaluated
in such a way than only the most relevant can be considered. Simulation re-
sults are shown for charging and discharging processes. In [23], heat losses and
tank temperature drop are validated against experimental data, a dynamic tank
model developed in Simulink integrated in thermal plants is introduced. This
model properly estimates delays and thermal transition behavior, simulation
results are validated against experimental data. The performance of CSP oil-
cooled plants, with and without molten salt TES systems, was studied in [11].
In [9], the performance of medium size CSP plants based on an Organic Rank-
ine Cycle (ORC) power generation unit with direct two-tank and thermocline
TES systems are compared in simulation. Dynamic simulations of a two-tank
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indirect molten salt TES lumped parameter model in charging and discharging
processes, considering disturbances, are presented in [17]. Transient response
simulations of a passive sensible TES system compared to a conventional active
indirect two-tank TES unit are studied in [42].

The present paper introduces a dynamic tank model validated against ex-
perimental data in terms of heat losses, molten salt and gas temperatures for
charging and discharging processes, intended to be used for the improvement of
control strategies [30] together with other elements, such as the heat exchanger
model [5, 4], that could lead to performance improvements in concentrating so-
lar thermal power plants. The structure of the paper is as follows. The tank, as
well as the facility where it belongs, is introduced in Sec. 1.1. Sec. 2 deals with
the tank model. Sec. 3 presents simulations, together with the calibration and
validation of the tank model. An open source simulation tool to reproduce the
obtained results is also introduced. Finally, Sec. 4 draws the main conclusions
and future work.

1.1. System Description

A multipurpose molten salt testing facility, with the goal of studying TES
system, was set up at Plataforma Solar de Almeŕıa (PSA), division of CIEMAT,
the public research center for energy, environmental and technological research,
which is owned by the Spanish government. The CIEMAT-PSA molten salt
testing facility can evaluate and control the heat exchange between molten salts
and potential heat transfer fluid for solar thermal power plants, i.e. thermal oil
and pressurized gases (air, CO2, etc.) [34].

The CIEMAT-PSA molten salt testing facility, shown in Fig. 1a, is composed
by hot and cold molten salt tanks, a CO2 - molten salt heat exchanger, a thermal
oil loop, two flanged pipe sections and the electrical heat tracing. The thermal
oil loop includes the following components: a thermal oil expansion tank, a

(a) General view (b) Hot molten salt tank

Figure 1: CIEMAT-PSA Molten Salt Testing Facility
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Table 1: Tank dimensions, features and parameters

Param. Description Value Units
cp,i Insulation specific heat capacity 840 [39] J/(kg K)
cp,p Pump specific heat capacity 500 1 J/(kg K)
cp,t Tank wall, floor and roof spec. heat cap. 500 [2] J/(kg K)
dt,in Tank inner diameter 2.5 m
dp Pump equivalent diameter 0.186 m
Lb Inclination base depth 63 mm
Ld Depth from bottom to level meter 11 mm
Lpl Level meter position relative to center 0.805 m
Lt1 Tank height - short side 4.937 m
Lt2 Tank height - long side 5.000 m
Ltck,t Tank wall, floor and roof thickness 8 mm
Ltck,fo Foundation thickness 1.3 m
Ltck,i Insulation wall and roof thickness 0.36 m
Lth12 Position of thermocouples 1 and 2 0.340 m
Lth34 Position of thermocouples 3 and 4 1.570 m
Lth56 Position of thermocouples 5 and 6 3.000 m
Lp Pump length 4.353 m
pamb Ambient pressure 1 atm
pt Tank controlled pressure 50 mbar
ki, Insulation thermal conductivity 0.240 2 W/(m K)
kfo Foundation thermal conductivity 0.466 2 W/(m K)
βt Inclination angle 1.432 ◦

ρi,ex Insulation density 100 [31] kg/m3

ρp Pump density 7920 [2] kg/m3

ρw Tank wall, floor and roof density 7920 1 kg/m3

εl Liquid emissivity 0.95 3 -
εp Pump emissivity 0.305 1 -
εt Tank wall, floor and roof emissivity 0.305 4 -

1 Same values than for the tank metallic structure are assumed.
2 Experimentally calibrated value, see Sec. 3.1.
3 Since molten salt is nearly transparent to infrared radiation [36], its mean
emissivity value is set to 0.95 [41].
4 Emissivity for stainless steel Type 321 is studied in [18]. This paper pro-
vides an emissivity estimation value as a function of temperature in the [750 K,
1150 K] range. Assuming that emissivity is wavelength independent and the
value provided at the lowest temperature (750 K), the mean emissivity value is
fixed to 0.305.
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Table 2: Nomenclature

Latin letters
Var. Description Units Var. Description Units
A Cross-sectional area m2 cp Spec. heat cap. J/(kg K)
C Heat capacity J/K d Diameter m
E Energy J Eb Blackbody power W/m2

Ė Energy flow rate W F View factor −
G Incident radiation W/m2 Gr Grashof number −
h Spec. enthalpy J/kg H Enthalpy J
l Level m J Radiosity W/m2

k Thermal cond. W/(m K) L Length m
m Mass kg M Molar mass kg/mol
ṁ Mass flow rate kg/s Nu Nusselt number -
p Pressure Pa P Perimeter m

Pr Prandtl number − Q̇ Heat flow rate W
r Radius m R Thermal resistance K/W
Ra Rayleigh number - Ru Univ. gas const. J/(K mol)
S Surface area m2 t Time s
T Temperature K u Spec. int. energy J/kg
U Internal energy J v Spec. volume m3/kg

V Volume m3 Ẇ Power W
Greek letters

Var. Description Units Var. Description Units
α Convective coef. W/(m2 K) β Inclination angle rad
ε Emissivity - ρ Density kg/m3

σ Stefan-Boltzmann cons. W/(m2 K4)
Subscripts

Var. Description Var. Description
amb Ambient b Base
c Characteristic ch Channel
cond Conduction conv Convection
cyl Cylinder d Depth
disk Disk ex External
exp Experimental f Floor
fo Foundation fl Fluid
g Gas grd Ground
i Insulation in Internal
l Liquid loss Loss
p Pump pl Level meter pos.
r Roof rad Radiaton
ring Ring s Surface
sim Simulated t Tank
tck Thickness th Thermocouple
vp Vertical plate w Wall
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Figure 2: Tank geometry and instrumentation sketch

centrifugal pump, an oil heater, a thermal oil - molten salt heat exchanger, a
thermal oil air cooler, an expansion tank and nitrogen bottles to render the
molten salt and thermal oil inert. Hot and cold molten salt tanks are in the
facility in order to reproduce the sensible-heat thermal storage systems of com-
mercial solar power plants. The cold tank is under ground level. The hot tank
is the one considered in this work (see Fig. 1b).

Molten salts can be heated up by means of a thermal oil - molten salt heat
exchanger in the thermal oil loop. In turn, thermal oil is heated up by means
of an oil heater in the thermal oil loop. This molten salt testing facility is also
coupled to the innovative fluids test loop facility by means of a CO2 - molten
salt heat exchanger. This last facility comprises two parabolic-trough collectors
and allow studying pressurized gases as heat transfer fluids [33].

Being this facility a reduced scale testing facility of commercial systems and
with the aim of being flexible with respect to the tests that can be performed, a
diesel oil heater can heat thermal oil up in the thermal oil loop. Then, thermal oil
can heat molten salt up by means of a thermal oil - molten salt heat exchanger.
Thanks to the oil heater partial loads and transients in the solar field, such as
cloud disturbances, can be studied and reproduced.

The cylindrical vertical hot molten salt tank has an inclined base in order to
facility its drainage. It is equipped with a level meter, six thermocouples (Th1
to Th6), a vertical pump, thermal insulation, an electrical wall heat tracing
system as well as immersed electrical heaters. A sketch of the tank is shown in
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Fig. 2, for the sake of clarity the sketch is not at scale, for instance the floor
inclination is much lower and the pump is closer to the tank floor. The values
of the different distances are listed in Tab. 1, whereas nomenclature is described
in Tab. 2.

The tank metallic structure is made of stainless steel, American Society of
Mechanical Engineers (ASME) SA240 Type 321, dimensions are given in Tab. 1.

Thermal insulation is built in Rockwool ProRox WM 960. Thickness and
mean values for thermal properties, in the facility operation range and according
to the manufacturer, are given in Tab. 1. The insulation layer is covered with
an aluminum jacket for weather protection.

Molten salt tank foundation designs are commonly outside of standards for
foundations, since these standards do not cover the temperature range were
TES system operate. Among the most important requirements that this kind
of foundations must satisfy are providing good anchorage in order to prevent
tank uplift. The foundation must support high temperatures and it must be
a good insulator. The hot molten salt tank foundation is approximately 1.3 m
depth. A Firelite refractory concrete upper layer with added steel fibers reduces
the possibilities of tank movement. The lower layer is based on expanded clay
aggregate. Supporting hoops hold a metallic ring that contains the compacted
light expanded clay aggregate. At the bottom, the natural soil was compacted in
order to increase its load-bearing capacity. Since this is a complex structure, its
mean thermal conductivity was experimentally calibrated. The lumped mean
thermal conductivity of the insulation and the aluminum jacket was also exper-
imentally calibrated. The calibration process is described in Sec. 3.1.

The molten salt is the solar salt (60 % NaNO3 and 40 % KNO3), nitrogen gas
is injected inside the tank in order to render both fluids inert. Tank pressure is
automatically controlled to an established reference value. Such value is given
in Tab. 1.

2. Tank Modeling

This section deals with the modeling of the tank. The modeling language
and tool used to develop the model are briefly described in Sec. 2.1. Sec. 2.2
presents an overview of the tank model, whereas Sec. 2.3 to Sec. 2.11 introduce
in detail each one of the components and processes that make up the model.

2.1. Modeling Language and Tool

The Modelica language [24] has been used for the modeling of the tank.
Modelica was developed and is maintained by the Modelica Association, a non-
profit and non-governmental international association. This modeling language
has been designed to model conveniently complex physical systems because the
language supports the object-oriented and the equation-based paradigms, to-
gether with advanced features such as, heat and flow connectors, constructions
for tackling the initialization problem, support of events, advanced parametriza-
tion, etc. The Modelica tool used for the implementation is Dymola [10].
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2.2. Overview of the Dynamic Tank Model

The tank has been modeled considering different subsystems. The liquid
inside the tank has been modeled as a single Control Volume (CV) since the
goal is to have a representative mean temperature value. The lumped liquid
CV exchanges heat with the gas and the metallic structure. The gas inside the
tank has been also modeled as a single lumped CV. The metallic structure has
been divided in several parts: the roof, the floor and the wall in contact with
liquid (wet wall) and the remaining wall which is in contact with gas (dry wall).
The metallic structure also exchanges heat with the thermal insulation and the
tank foundation. In the same way, the insulation is divided in roof insulation,
wet and dry wall insulation. The insulation additionally exchanges heat with
the aluminum jacket. The jacket exchanges heat with the ambient, whereas the
tank foundation exchanges heat through conduction with the ground. To sum
up, the tank model calculates the mass balances of liquid and gas, and the heat
balances between liquid, gas, metallic structure, insulation, foundation and the
environment.

Fig. 3 shows the icon of the tank model. This figure also shows the model
inputs, two of them are the liquid inlet temperature and mass flow rate (Tl,ch,
ṁl,ch). The liquid entrance to the tank has been modeled considering an ideal
pump. The remaining inputs are the inlet temperature and pressure of the inert
gas (Tg,ch, pt), ambient and ground temperatures (Tamb, Tgrd).

Since the pressure in the tank is controlled by a pressure relief valve and
there is neither a tank pressure sensor nor flow meters for injected and expelled
nitrogen in the hot molten salt tank, the tank pressure is assumed to be the
nominal one at all times, this value is given in Tab. 1.

The following subsections introduce each one of the subsystems and other
aspects about the model. Sec. 2.3 describes basic considerations about geometry.
Fluids and their thermodynamic properties are defined in Sec. 2.4. Sec. 2.5
and 2.6 describes the governing equations for the liquid and gas CVs. Tank
metallic structure, pump and insulation are described in Sec. 2.7, 2.8 and 2.9,
respectively. Sec. 2.10 summarized all the used expressions for heat transfer,
therefore all the heat flow rates (Q̇) in previous equations are defined in this
section. Finally, initial conditions required to solve the initialization problem
are discussed in Sec. 2.11.

2.3. Geometry

Surface areas and volumes of the metallic structure and insulation for wall,
roof and floor are calculated from manufacturer data according to Tab. 1. How-
ever, the model distinguishes between surfaces in contact with liquid and gas
(wall and floor, it is assumed that the liquid never reaches the roof), for this
reason the level (l), cross-sectional area (Al) and volume (Vl) of the liquid inside
the tank must be dynamically calculated.

The liquid level and cross-sectional area in the tank are calculated solving
the system of Eqs. 1 and 2, since the volume is calculated from mass and density
as described in Sec. 2.5. At and Ap are the tank and pump cross-sectional areas

8



m

Liquid
m_flow

T

mflowInLiquid

Gas
p

T

TInGas

pInGas

TInLiquid

K
ambient

TAmb

K

ground

TGround

Tamb

Tg,ch

pt

Tl,ch

ml,ch

.

Tgrd

Figure 3: Model icon and inputs

and Ab is the liquid cross-sectional area over the inclined based, its diameter
can be calculated by db = l · tan(α) when l < Lb (see Fig. 2).

Al =

 Ab if l < Lb,
At if l ≥ Lb and l ≤ Lt2 − Lp,
At −Ap otherwise,

(1)

Vl = Al · l. (2)

2.4. Fluids

The following fluids are considered in the tank model, however they can be
easily changed in the model by other fluids in the Modelica Media library [6] or
new implemented models which takes into account this library interface.

• Liquid. Molten salts, in particular solar salt (60 % NaNO3 and 40 %
KNO3). Its thermodynamic properties are available in [43, 12] and are
calculated from molten salt temperature (Tms).

• Gas. Nitrogen is the inert gas in the facility. This medium is included in
the Modelica Media library. Its thermodynamic properties are based on
[22] and are calculated from gas temperature (Tgas) and pressure (pt).

• Ambient fluid. Dry air is the ambient fluid in the model. This medium
is also included in Modelica Media and its thermodynamic properties are
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based on the same reference than for nitrogen besides dynamic viscosity
and thermal conductivity, which are calculated according to [38]. They are
calculated from ambient temperature (Tamb), which is a model input, and
pressure (pamb), which is assumed constant and it is a model parameter
(see Tab. 1).

2.5. Liquid Control Volume

The rate of change in liquid mass is given by the dynamic mass balance
equation, Eq. 3, since there is only one inlet/outlet channel. If mass is entering
the CV its sign is positive and it is negative otherwise.

dml

dt
= ṁl,ch. (3)

The rate of change in energy is derived from the general dynamic energy
balance equation, Eq. 4. This equation can be simplified as Eq. 5 considering
only internal and flow energies, heat transfer and work.

dEl

dt
= Ėl,ch − Ėloss, (4)

dUl

dt
= ṁl,ch(ul,ch + pl,chvl,ch) + Q̇l − Ẇl. (5)

By means of the enthalpy definition (h = u + pv) and its time derivative
together with the expansion work, as the only work done that affects the CV,
Eq. 5 can be rewritten as Eq. 6.

dHl

dt
= ṁl,chhl,ch + Vl

dp

dt
+ Q̇l. (6)

Considering specific enthalpy, mass and assuming that the enthalpy only
depends on temperature, Eq. 6 can be defined as Eq. 7, where C is the heat
capacity (C = mcp) and volume is calculated from mass and density.

Cl
dTl
dt

= ṁl,ch (hl,ch − hl) + Vl
dp

dt
+ Q̇l. (7)

Eqs. 3 and 7 are the governing equations in the liquid CV, where mass (ml)
and temperature (Tl) are the state variables. When mass is entering the CV,
i.e. ṁl,ch > 0, hl,ch is that from the incoming flow, otherwise hl,ch = hl.

2.6. Gas Control Volume

The gas CV governing equations were derived in the same way as for the
liquid CV, therefore the mass and energy balance equations are given by Eqs. 8
and 9. The state variables are mass (mg) and temperature (Tg). Additionally,
the ideal-gas equation of state, Eq. 10, is also considered. Eqs. 8, 9 and 10
calculate ṁg,ch, Tg and mg, respectively.

dmg

dt
= ṁg,ch, (8)
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Cg
dTg
dt

= ṁg,ch (hg,ch − hg) + Vg
dp

dt
+ Q̇g, (9)

pVg = mg
Ru

Mg
Tg. (10)

2.7. Metallic Structure

The energy balance for the metallic structure is modeled from Eq. 7 but
considering that there is no mass transfer and assuming constant pressure, with
these assumptions yields Eqs. 11, 12, 13 and 14, for the tank wet wall, dry wall,
roof and floor, respectively.

Cw,l
dTw,l

dt
= Q̇w,l, (11) Cw,g

dTw,g

dt
= Q̇w,g, (12)

Cw,r
dTw,r

dt
= Q̇w,r, (13) Cw,f

dTw,f

dt
= Q̇w,f . (14)

Heat capacities are calculated from volumes, densities and specific heat ca-
pacities; the last two are assumed as constants values based on data provided
by the manufacturer, their values are given in Tab. 1.

2.8. Vertical Pump

The modeling of the vertical pump is simplified assuming a vertical cylinder
with the pump length and an equivalent diameter to the mean pump cross-
sectional area. The energy balance equations for the wet and dry parts of the
pump are modeled in the same way as the metallic structure. They are given by
Eqs. 15 and 16. Pump dimensions, density and specific heat capacity are given
in Tab. 1.

Cp,l
dTp,l
dt

= Q̇p,l, (15) Cp,g
dTp,g
dt

= Q̇p,g. (16)

2.9. Thermal Insulation

The energy balance for the thermal insulation has been modeled in the same
way as for the metallic structure, as shown in Eqs. 17, 18 and 19, for dry wall,
wet wall and roof respectively. Values to calculate heat capacities are given in
Tab. 1.

Ci,l
dTi,l
dt

= Q̇i,l, (17) Ci,g
dTi,g
dt

= Q̇i,g, (18) Ci,r
dTi,r
dt

= Q̇i,r. (19)
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2.10. Heat Transfer

A sketch of the heat transfer processes considered in the tank model is de-
picted in Fig. 4. Nevertheless and in order to simplify the model, not all the
heat transfer processes have been considered, see Tab. 3 for further details, the
following assumptions were made.

• Mean values for thermodynamic properties in each volume of the model.

• Conductive heat transfer between the pump and the tank roof is neglected.

• Gas is a non-participating medium; neither emits, absorbs nor scatters
radiation.

• Conduction in the tank metallic structure and between it and the inner
insulation layer is assumed infinite in the radial direction and zero other-
wise for the walls. It is infinite in the axial direction and zero otherwise
for the floor and roof.

• Conduction in the pump is infinite in the axial direction and it is zero
otherwise.

• Conduction in the insulation together with the aluminum jacket is dynam-
ically calculated in the radial direction and is zero otherwise for the walls.
It is also dynamically calculated in the axial direction and zero otherwise
for the roof.

• Conduction in the foundation is dynamically calculated in the axial direc-
tion and it is zero otherwise.

• Radiation heat transfer between the aluminum jacket and the ambient is
neglected.

Convective heat transfer was modeled considering a dynamic average convective
heat transfer coefficient (α), the rate of heat transfer by convection from a
surface of area (Ss) at uniform temperature (Ts) to the surrounding fluid at a
uniform temperature (Tfl) is given by Newton’s law of cooling, Eq. 20.

Q̇conv,s,fl = αSs(Ts − Tfl), (20)

where the convective heat transfer coefficient can be calculated from empirical
correlations for the Nusselt number (Nu) and Eq. 21, where Lc is the charac-
teristic length and kfl the fluid thermal conductivity.

Nu =
αLc

kfl
. (21)

Heat conduction in element i through a temperature difference in a layer of area
Si, thickness Li,tck with an average thermal conductivity ki is calculated by
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Figure 4: Heat transfer sketch

Fourier’s law of heat conduction, Eq. 22, where Ri,cond is the thermal resistance
to conduction.

Q̇cond,i =
Ti,in − Ti,ex

Li,tck

kiSi

=
Ti,in − Ti,ex
Rcond,i

. (22)

When conduction dynamics are neglected, the temperature in a layer or between
layers is the same. For instance, Tw,r = Tw,r,in = Tw,r,ex for the mean, internal
and external tank roof temperatures, and Tw,r,ex = Ti,r,in for the external tank
roof and internal insulation roof temperatures. When conduction dynamics are
considered, it is assumed a linear temperature distribution in the layer, i.e.
Ti,r = 0.5(Ti,r,in + Ti,r,ex) for roof insulation temperatures.

Radiation heat transfer in an enclosure consisting of two diffuse, gray and
opaque surfaces of area S1 and S2 and constant emissivities ε1 and ε2 at uniform
temperatures T1 and T2 can be calculated applying the network method [8]. The
net rate of radiation heat transfer from surface 1 to surface 2 is determined by
Eq. 23, where Eb,i = σT 4

i is the blackbody emissive power, Fij is the view factor,
and the Rrad terms are the thermal resistances to radiation.
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Q̇rad,12 =
Eb,1 − Eb,2

Rrad,1 +Rrad,12 +Rrad,2
=

σ(T 4
1 − T 4

2 )
1− ε1
S1ε1

+
1

S1F12
+

1− ε2
S2ε2

. (23)

In an analogous way, the network method can be applied for enclosures of
n diffuse, gray and opaque surfaces. Each surface i must satisfy Eq. 24, where
Ji = εiEb,i + (1− εi)Gi denotes radiosity, being Gi the incident radiation.

Eb,i − Ji
Rrad,i

=

n∑
j=1

Ji − Jj
Rrad,ij

. (24)

Since the previous equation must be satisfied by each surface, a system
of n equations is obtained. From that system, radiosities (Ji) are normally
calculated. Therefore, the rate of radiation from surface i to surface j can be
determined from Eq. 25.

Q̇rad,ij = SiFij(Ji − Jj) =
Ji − Jj
Rrad,ij

. (25)

Each one of the heat transfer processes in the tank, depicted in Fig. 4 and
summarized in Tab. 3 are described in the following subsections per tank com-
ponent.

2.10.1. Liquid

The liquid inside the tank exchanges heat through natural convection with
gas, floor, wet wall and wet pump and through radiation with wet wall, wet
pump, wet floor, dry wall, dry pump and roof, therefore the net liquid heat flow
rate (Q̇l) is calculated from Eq. 26.

Q̇l =− Q̇conv,l,g − Q̇conv,l,f − Q̇conv,l,w − Q̇conv,l,p − Q̇rad,l,wl − Q̇rad,l,pl

− Q̇rad,l,f − Q̇rad,l,wg − Q̇rad,l,pg − Q̇rad,l,r.
(26)

Natural convection. The Nusselt number for natural convection between the
upper liquid surface in contact with gas (Q̇conv,l,g) is given by Eqs. 27 and 28,
as a function of the value of the Rayleigh number (Ra). These correlations are
appropriate for hot surfaces facing upwards [8], where the characteristic lenght
is Lc = Al/Pl.

Nu = 0.54Ra1/4, 104 ≤ Ra ≤ 107, (27)

Nu = 0.15Ra1/3, 107 < Ra ≤ 1011. (28)

Natural convection between the liquid and the floor (Q̇conv,l,f ) can be cal-
culated with a Nusselt correlation for hot surfaces facing downwards [8], Eq. 29,
with the same characteristic length as for the previous Nusselt correlation.

Nu = 0.27Ra1/4, 105 ≤ Ra ≤ 1011. (29)
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Table 3: Heat transfer processes in the tank

Elements Type Modeled

Liquid
CV

Gas Convection Q̇conv,l,g

Inner wet wall
Convection Q̇conv,l,w

Radiation Q̇rad,l,wl

Outer wet pump
Convection Q̇conv,l,p

Radiation Q̇rad,l,pl

Inner floor
Convection Q̇conv,l,f

Radiation Q̇rad,l,f

Inner dry wall Radiation Q̇rad,l,wg

Outer dry pump Radiation Q̇rad,l,pg

Inner roof Radiation Q̇rad,l,r

Gas
CV

Inner dry wall Convection Q̇conv,g,w

Outer dry pump Convection Q̇conv,g,p

Inner floor Convection Q̇conv,g,f

Inner roof Convection Q̇conv,g,r

Inner dry
wall

Outer dry pump Radiation Q̇rad,wg,pg

Inner roof Radiation Q̇rad,wg,r

Inner floor Radiation Neglected

Outer dry
pump

Inner roof
Radiation Q̇rad,pg,r

Conduction Neglected
Inner floor Radiation Neglected

Inner
metal

Outer
metal

Roof Conduction Axial1

Dry wall Conduction Radial2

Wet wall Conduction Radial2

Dry pump Conduction Radial2

Wet pump Conduction Radial2

Floor Conduction Axial1

Outer
metal

Inner
insulation

Roof Conduction Axial1

Dry wall Conduction Radial2

Wet wall Conduction Radial2

Inner
foundation Floor Conduction Axial1

Inner
insulation

Outer
jacket

Roof Conduction Q̇cond,ir

Dry wall Conduction Q̇cond,iwg

Wet wall Conduction Q̇cond,iwl

Inner
foundation

Outer
foundation Floor Conduction Q̇cond,fo

Outer
jacket Ambient

Roof
Convection Q̇conv,irex,amb

Radiation Neglected

Dry wall
Convection Q̇conv,iwgex,amb

Radiation Neglected

Wet wall
Convection Q̇conv,iwlex,amb

Radiation Neglected
1 Infinite in axial direction, zero otherwise.
2 Infinite in radial direction, zero otherwise.15



The average Nusselt number for natural convection between liquid and wet
wall (Q̇conv,l,w) can be calculated from an empirical correlation for a fluid in
contact with a vertical plate, Eq. 30 [8], where Pr is the Prandtl number. A
vertical cylinder can be considered as a vertical plate as long as the diameter
of the cylinder is large enough so the curvature effects are negligible. This
assumption holds when d ≥ 35Lc/Gr

1/4 [8]. Gr is the Grashof number and
Lc is the characteristic length which in this case is the vertical length of the
cylinder.

Nu =

0.825 +
0.387Ra1/6(

1 +
(
0.492
Pr

)9/16)8/27


2

. (30)

For slender cylinders that do not satisfy the abovementioned condition, there
are also Nusselt correlations in the literature [27]. This is the case for the lam-
inar natural convection between liquid and wet pump (Q̇conv,l,p). The Nusselt
correlation in Eq. 31 [7] is used in this case, where Nuvp is the average Nusselt
number for a vertical flat plate, which can be calculated by Eq. 30.

Nu = Nuvp

(
1 + 0.3

(
320.5 +Gr−0.25L

d

)0.909
)
. (31)

Radiation. Radiation heat flow rates between liquid and wet elements: floor
(Q̇rad,l,f ), wall (Q̇rad,l,wl) and pump (Q̇rad,l,pl) are modeled considered an en-
closure of only two surfaces: the liquid and the element, according to Eq. 23,
since both elements are in contact the view factor is 1, Fl,f = Fl,wl = Fl,p = 1.
Wet wall and floor surface areas are calculated as a function of the level. Con-
stant mean emissivities for the different elements are given in Tab. 1.

Radiation heat transfer between liquid and dry elements was calculated con-
sidering the case of enclosures with four surfaces: liquid, dry wall, dry pump and
roof. Radiosities (Jl, Jwg, Jpg, Jr) are calculated from the system of equations
obtained after applying Eq. 24 for each enclosure surface, Eqs. 32, 33, 34 and
35.

Eb,l − Jl
Rrad,l

=
Jl − Jwg

Rrad,l,wg
+
Jl − Jpg
Rrad,l,pg

+
Jl − Jr
Rrad,l,r

, (32)

Eb,wg − Jwg

Rrad,wg
=
Jwg − Jl
Rrad,wg,l

+
Jwg − Jpg
Rrad,wg,pg

+
Jwg − Jr
Rrad,wg,r

, (33)

Eb,pg − Jpg
Rrad,pg

=
Jpg − Jl
Rrad,pg,l

+
Jpg − Jwg

Rrad,pg,wg
+
Jpg − Jr
Rrad,pg,r

, (34)

Eb,r − Jr
Rrad,r

=
Jr − Jl
Rrad,r,l

+
Jr − Jwg

Rrad,r,wg
+
Jr − Jpg
Rrad,r,pg

. (35)
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In order to solve the previous system of equations, the thermal resistance to
radiation terms (Rrad) require surface areas, emissivities and view factors. The
liquid, dry wall and dry pump surface areas depend on the liquid level, the roof
surface area is constant. Mean emissivity values are given in Tab. 1.

View factors are calculated, first considering the summation rules for each
surface: liquid (Eq. 36), dry wall (Eq. 37), dry pump (Eq. 38) and roof (Eq. 39),

Fl,l+Fl,wg+Fl,pg+Fl,r = 1, (36) Fwg,l + Fwgl,wg + Fwg,pg + Fwg,r = 1, (37)

Fr,l+Fr,wg+Fr,pg+Fr,r = 1, (38) Fpgl,l+Fpg,wg +Fpg,pg +Fpg,r = 1, (39)

second, the following relationships about view factors can be stated based on
the tank geometry,

Fl,l = 0, (40) Fpg,pg = 0, (41) Fr,r = 0, (42)

third, applying reciprocity rules,

SlFl,wg = SwgFwg,l, (43) SlFl,pg = SpgFpg,l, (44)

SlFl,r = SrFr,l, (45) SwgFwg,pg = SpgFpg,wg, (46)

SwgFwg,r = SrFr,wg, (47) SpgFpg,r = SrFr,pg. (48)

From Eq. 36 to Eq. 48, it is obtained a system of thirteen equations with
sixteen unknown view factors. Therefore, the fourth step is to estimate three of
those view factors.

One of the calculated factors is the view factor from the dry pump to the roof
(Fpg,r). It is estimated from the cylinder-disk view factor (Fcyl−disk), according
to Eq. 49 [29]. Fig. 5 shows a sketch of surfaces 1 and 2, where r1 = dp/2 is the
pump radius, r2 = dt,in/2 is the roof radius and L1 = min(Lp, Lt2 − l) is the
dry pump length, see Fig. 2.

Fcyl−disk(L1, r1, r2) =
1

2π
cos−1

(
L2
1 − r22 + r21

L2
1 + r22 − r21

)
−
(
r1

2L1

)
((L2

1 + r22 + r21
)2

r41
− 4

(
4

r1

)2
)1/2(

cos−1

(
r1
(
L2
1 − r22 + r21

)
r2 (L2

1 + r22 − r21)

)

+

(
L2
1 − r22 + r21

r21

)
sin−1 r1

r2
−
(π

2

) L2
1 − r22 + r21

r21

)
.

(49)

Another calculated factor is the view factor from the dry pump to the dry
wall (Fpg,wg). The view factor for concentric cylinders (Fcyl−cyl) is used accord-
ing to Eq. 50, where L1, r1, r2 have the same meaning than for the cylinder-disk
view factor and La = max(0, Lt2 − Lp − l) is the distance in height of the gap
between the pump and the liquid surface. Surfaces 1 and 3 are shown in Fig. 5.
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Figure 5: Geometry for view factors

This concentric cylinder structure corresponds to configuration III in [29], since
there are different view factors depending on the relative position of the inner
cylinder. Fcyl,disk is the cylinder-disk view factor

Fcyl−cyl(L1, La, r1, r2) = 1 +
La

L1
Fcyl−disk(La, r1, r2)− Fcyl−disk(L1, r1, r2)

− L1 + La

L1
Fcyl−disk(L1 + La, r1, r2).

(50)

The last calculated view factor is that from the liquid to the roof (Fl,r).
When the liquid level falls below the bottom of the pump (La > 0), this view
factor is calculated from the expression from disk to a coaxial ring (Fdisk−ring),
Eq. 51 [16], where the only new term is r3 which is the liquid equivalent hy-
draulic radius neglecting the tank inclination and assuming a uniform liquid
distribution. Surfaces 2 and 4 are shown in Fig. 5.

R13 =
r1
r3
, R23 =

r2
r3
, H1 =

r1
L1 + La

,

Fdisk−ring(R13, R23, H1) =
1

2

(
R2

23 −R2
13 −

((
1 +R2

23 +H2
1

)2 − 4R2
23

)1/2
+
((

1 +R2
13 +H2

1

)2 − 4R2
13

)2)
,

(51)

When the liquid level reaches the pump (La = 0), Flr is calculated from the
expression for parallel coaxial rings (Fdisk−disk), Eq. 52 [16], where r4 is the
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pump radius and r5 is the tank radius. Surfaces 1 and 5 are depicted in Fig. 5.
Notice that Eq. 52 is a general expression, but in our particular case r1 = r4
and r2 = r5, therefore R14 = 1 and R51 = R21.

R51 =
r5
r4
, R14 =

r1
r4

= 1, R21 =
r2
r1
, H2 =

r1
L
,

Fdisk−disk(R51, R14, R21, H2) =
1

2(R2
51 − 1)

(((
R2

51 +R2
14 +H2

2

)2
− (2R14R51)

2
)1/2

−
((
R2

51 +R2
21 +H2

2

)2 − (2R51R21)
2
)1/2

+
((

1 +R2
21 +H2

2

)2 − (2R21)
2
)1/2

−
((

1 +R2
14 +H2

2

)2 − (2R14)
2
)1/2)

.

(52)

Once view factors, thermal resistances to radiation and radiosities are com-
puted, the rates of radiation heat transfer can be calculated from Eq. 25:
Q̇rad,l,wg, Q̇rad,l,pg, Q̇rad,l,r, Q̇rad,wg,pg, Q̇rad,wg,r and Q̇rad,pg,r.

If the pump is excluded from the heat transfer analysis, there would be
only necessary to calculate two view factors instead of three. In that case, the
view factor from the liquid to the roof would be calculated by the view factor
expression for parallel coaxial disk [8]. The view factor from the dry wall to itself
would be calculated by means of the view factor expression for the cylinder inner
surface [37].

2.10.2. Gas

Assuming that the gas is a non-participating medium, gas exchanges heat
only through natural convection (Q̇g) with liquid, roof, dry wall, dry pump and
floor according to Eq. 53.

Q̇g = Q̇conv,l,g − Q̇conv,g,w − Q̇conv,g,p − Q̇conv,g,r − Q̇conv,g,f . (53)

Q̇conv,l,g was calculated by Eqs. 27 and 28, whereas Q̇conv,g,w and Q̇conv,g,p

can be calculated by means of Eq. 30 and Eq. 31, respectively. When gas is
in contact with the tank floor (i.e. L < Lb), natural convection heat transfer
between the gas and the floor (Q̇conv,g,f ) can be calculated by Eq. 29, where
the heat exchange area is Sf,g = At − Ab (see Fig. 2), the characteristic length
is Lc = Ag/Pg and the perimeter (Pg) may be calculated once an equivalent
diameter of Ag is obtained.

2.10.3. Metallic Structure

Heat flow rates for the metallic structure: floor, roof, wet and dry walls, are
given by Eqs. 54, 55, 56 and 57, respectively. All terms in those equations have
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been previously introduced, beside conductive heat flow rates in the thermal
insulation and foundation which are detailed in Sec. 2.10.5 and 2.10.6.

Q̇w,f = Q̇conv,l,f + Q̇rad,l,f + Q̇conv,g,f − Q̇cond,fo, (54)

Q̇w,r = Q̇conv,g,r + Q̇rad,l,r + Q̇rad,wg,r + Q̇rad,pg,r − Q̇cond,ir, (55)

Q̇w,l = Q̇conv,l,w + Q̇rad,l,wl − Q̇cond,iwl, (56)

Q̇w,g = Q̇conv,g,w + Q̇rad,l,wg − Q̇rad,wg,pg − Q̇rad,wg,r − Q̇cond,iwg. (57)

2.10.4. Vertical Pump

Wet and dry pump heat flow rates are given by Eqs. 58 and 59, where all
the terms have been previously introduced.

Q̇p,l = Q̇conv,l,p + Q̇rad,l,pl, (58)

Q̇p,g = Q̇cov,g,p + Q̇rad,l,pg + Q̇rad,wg,pg − Q̇rad,pg,r. (59)

2.10.5. Insulation

Aluminum jacket heat conduction is lumped together the insulation heat
conduction, radiation heat transfer between the outer jacket layer and the am-
bient has been neglected. Therefore, thermal insulation heat flow rates are by
means of conduction from the internal to the external layer and by convection
with the ambient, Eqs. 60, 61 and 62.

Q̇i,r = Q̇cond,ir − Q̇conv,irex,amb, (60)

Q̇i,wl = Q̇cond,iwl − Q̇conv,iwlex,amb, (61)

Q̇i,wg = Q̇cond,iwg − Q̇conv,iwgex,amb. (62)

Conduction. Insulation conductive heat flow rates (Eq. 22) are calculated from
thermal resistances for roof, dry wall and wet wall given by Eqs. 63, 64 and
65. Wall surfaces areas are calculated according to the tank level. Thermal
conductivities and insulation thicknesses are given in Tab. 1.

Rcond,ir =
Ltck,i

kiSir
, (63) Rcond,iwg =

Ltck,i

kiSiwg
, (64)

Rcond,iwl =
Ltck,i

kiSiwl
. (65)

Natural convection. Average Nusselt numbers for natural convection between
ambient and wall insulation (Q̇conv,iwlex,amb and Q̇conv,iwgex,amb) can be calcu-

lated from Eq. 30, whereas for the roof (Q̇conv,irex,amb), Eqs. 27 and 28 can be
used.

2.10.6. Foundation

For the foundation, heat flow rate is by means of conduction, Eq. 66, consid-
ering the metallic tank floor and ground temperatures. Thermal resistance to
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Table 4: Tank model state variables

State Description State Description
ml Liquid mass Tw,f Tank floor temperature
mg Gas mass Tp,l Wet pump temperature
Tl Liquid temperature Tp,g Dry pump temperature
Tg Gas temperature Ti,l Wet wall insulation temperature
Tw,l Wet wall temperature Ti,g Dry wall insulation temperature
Tw,g Dry wall temperature Ti,r Insulation roof temperature
Tw,r Tank roof temperature

conduction is given by Eq. 67. Thermal conductivity, thickness and dimensions
to calculate the surface area are given in Tab. 1.

Q̇fo = −Q̇cond,fo, (66) Rcond,fo =
Ltck,fo

kfoSfo
. (67)

2.11. Initialization and Initial Conditions

The initialization involves providing suitable initial values to the state vari-
ables. State varibles were defined from Sec. 2.5 to Sec. 2.9. They are summarized
in Tab. 4. The default initial conditions require only three values: initial liquid
level, initial liquid and gas temperature, although other initial conditions can
be also easily set in the model if needed.

If the liquid level is not zero, the liquid temperature is used to initialize the
following temperatures: liquid, wet wall, wet pump and floor, otherwise the gas
temperature is used. The temperatures of the dry wall, dry pump, roof and gas
are initialized with the gas temperature. The time derivatives of the insulation
temperatures in roof, wet wall and dry wall are set to zero. Initial liquid mass is
calculated from the initial liquid level and the initial liquid temperature, whereas
initial gas mass in calculated from the initial liquid level and gas temperature.

3. Simulation, Calibration and Validation

This section deals with model simulations. Sec. 3.1 shows the calibration of
unknown parameters, mean thermal conductivities of the tank insulation and
foundation in our case. Sec. 3.2 presents the model validation in charging and
discharging processes, as well as at predicting thermal losses dynamics. Sec. 3.3
introduces an open source TES tank simulation application which reproduces
the validation cases considered in Sec. 3.2 and it is freely available. The following
inputs must be provided to the model to be able to perform the simulations, as
previously shown in Fig. 3.

• Molten salt inlet temperature and mass flow rate (Tl,ch, ṁl,ch).

• Gas inlet temperature (Tg,ch).

• Controlled tank pressure (pt).
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• Ambient temperature (Tamb).

• Ground temperature (Tgrd).

An experimental campaign was performed in order to calibrate and validate
the tank model, experimental data are available for Tl,ch, ṁl,ch and Tamb. Gas
inlet temperature (Tg,ch) is assumed to be the same as ambient temperature
(Tamb). Tank pressure (pt) is assumed to be the nominal one at all times, this
value is given in Tab. 1. Ground temperature (Tgrd) beyond a depth of 1 m is
usually insensitive to the diurnal cycle of air temperature and solar radiation,
therefore a mean ground temperature value for each experiment is assumed
depending on the month where the experiment was performed and according to
the data provided in [13].

Once a simulation is performed, the most important output variables, which
can be compared with experimental data, are: molten salt level (l), mean molten
salt temperature (Tl,sim) and mean gas temperature (Tg,sim).

3.1. Calibration

Mean insulation and aluminum jacket thermal conductivity, together with
mean foundation thermal conductivity, are the parameters that have been cali-
brated from experimental data. The optimization problem can be formulated as
simultaneously minimize the Root Mean Square (RMS) differences between ex-
perimental and simulated molten salt (∆Tl) and gas (∆Tg) temperatures, which
are the objective functions, tuning both thermal conductivity parameters (ki,
kfo), see Eq. 68, where n is the number of samples.

Experimental data from a thermal losses experiment, where the tank was
previously charged with molten salt at high temperature and left at rest, was
used. Experimental temperature values from the thermocouple closest to the
arithmetic mean temperature of all thermocouples immersed in molten salt and
exposed to the gas where used for Tl,exp and Tg,exp samples, respectively.

minimize ∆Tl =

√∑n
i=1 (Tl,exp(i)− Tl,sim(i))

2

n
,

∆Tg =

√∑n
i=1 (Tg,exp(i)− Tg,sim(i))

2

n
,

with respect to ki ∈ R,
kfo ∈ R,

subject to 0 ≤ ki ≤ 1,

0 ≤ kfo ≤ 1.

(68)

In order to solve this problem, an open source multi-platform optimiza-
tion software tool, which is being developed by the authors, was used. This
tool allows the user to perform parameter optimization and estimation studies
in Functional Mock-up Interface (FMI) compliant models [3]. FMI is a tool
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independent standard to support both model exchange and co-simulation of dy-
namic models [25]. Most Modelica tools support exporting Modelica models to
Functional Mock-up Units (FMUs). A FMU is a FMI compliant model.

The optimization software tool uses the FMI++ library [40] for simulation
and a Multi-Objective Genetic Algorithm (MOGA) from the Sandia-developed
JEGA library included in the Dakota toolkit [1]. More details about the design
of the optimization tool and how to used it can be found in [3].

ΔTl(ºC)

Δ
T g
(º
C
)

1.458 1.534 1.610 1.686 1.762
1.934

2.012

2.089

2.166

2.244

Figure 6: Tank model calibration Pareto front

The MOGA algorithm provides solutions in or close to the Pareto front,
that is a set of nondominated solutions which are chosen as optimal because
no objective can be improved without worsen at least one of the remaining
objectives. Fig. 6 shows the Pareto front of our optimization problem, where
axes’ values are the values of both objective functions (∆Tl,∆Tg). The solution
pointed by the arrow in Fig. 6 is the selected one, which corresponds to the
minimum solution of a single objective function (∆T ) adding up both original
objective functions (∆Tl,∆Tg) with same weights (wl, wg), i.e. ∆T = wl∆Tl +
wg∆Tg, where wl = wg. In the selected solution, the objective function values
are ∆Tl = 1.554 ◦C and ∆Tg = 2.053 ◦C and the estimated parameter values
are ki = 0.240 W/(m K) and kfo = 0.466 W/(m K).

3.2. Validation

This section compares data from the experimental campaign with simulation
results in three different scenarios from Sec. 3.2.2 to Sec. 3.2.4. Measurement
uncertainty are analyzed in Sec. 3.2.1.

Dymola [10] has been the Modelica tool used for the dynamic simulations
in this section. The numerical solver used was DASSL [26], a variable-step
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Table 5: Thermocouple uncertainty sources

Source Type Value
Prob.

Divisor
Abs. std.

dist. uncertainty
Thermal camera Standard 0.287 ◦C Normal 1 0.287 ◦C
Digital therm. Standard 0.064 ◦C Normal 1 0.064 ◦C

Dry-well cal. Tolerance 0.5 ◦C Uniform
√

3 0.29 ◦C

variable-order multistep solver in the numerical integration of Differential Al-
gebraic Equation (DAE) systems, where the Newton iteration method is used
to solve the resulting nonlinear algebraic system of equations at each time step.
The absolute and relative tolerances were set to 10−4. Simulations were per-
formed in a conventional laptop (4 x Intel Core i5 2.60 GHz, 8 GBytes of RAM).

3.2.1. Measurement uncertainty

The thermocouples in the facility were calibrated with respect to a digital
thermometer in a temperature dry-well calibrator. With the aim of fitting ther-
mocouple temperatures to the digital thermometer temperatures, polynomial
functions are used. The combined standard uncertainty of each thermocou-
ple at 400 ◦C is u(T ) = 0.4 ◦C. It is calculated considering the thermocouple
uncertainty sources from Tab. 5, together with the uncertainty from the poly-
nomial fitting to experimental data and software conversion and resolution,
u ≈ 0.1 ◦C. The combined standard uncertainty of the thermocouples may be
slightly smaller at lower temperatures.

The volumetric vortex flow meter has a 1% tolerance at 4 m3/h and a 0.75%
tolerance at 7 m3/h according to the manufacturer documentation.

3.2.2. Charging Process

The model is subjected to several inlet mass flow rate steps in this exper-
iment, see Fig. 7, where the molten salt inlet temperature is also shown. The
tank is empty at the beginning of the simulation, see Fig. 8. The tank metallic
structure and gas temperatures are kept at a certain temperature by means of
the heat tracing system in order to prevent molten salt freezing when feeding
the tank. This temperature value is an initial condition of the model. This
simulation is performed in less than 5 s.

Fig. 8 shows the experimental and simulated levels. Horizontal lines point
out the position in height of the thermocouples, see Fig. 2. Take into account
that thermocouples in the facility (Th 1 - Th 6) measure tank wall temperatures,
which provide estimations for molten salt and gas temperatures. Fig. 9 shows
experimental (thermocouples measuring the wet wall) and simulated molten
salt temperatures. Notice that there is no experimental molten salt temper-
ature until the tank level reaches the first thermocouple position, see Fig. 8.
Fig. 10 shows experimental and simulated gas temperatures. Also notice that
the molten salt level reaches the last thermocouple at the end of the simulation,
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Figure 7: Charging process: inlet molten salt mass flow rate and temperature
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Figure 8: Charging process: experimental and simulated levels. The position of the thermo-
couples along the height of the tank is also represented
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Figure 9: Charging process: experimental and simulated molten salt temperatures

therefore there are no available measurements for gas temperature, because the
temperatures from the highest-placed thermocouples correspond to molten salt
temperatures in this situation.

There is a good agreement between experimental and simulated level and
molten salt temperature. The mean gas temperature is slightly underestimated,
the RMS difference between the closest experimental (thermocouple 5) and sim-
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Figure 10: Charging process: experimental and simulated gas temperatures

ulated temperatures is 2.8 ◦C. The gas temperature dynamics properly match
the experimental ones.

Fig. 11 shows the molten salt heat exchange in percentage with the remaining
components inside the tank according to Eq. 26, i.e. the rate of heat exchange
in percentage with floor, dry wall, wet wall, dry pump, wet pump and roof
depending on the heat transfer process: convection or radiation. Fig. 12 shows
the same information but for the gas according to Eq. 53. A positive heat flow
rate means heat leaving the CV, whereas negative ones mean heat entering the
CV.

11:00 11:30 12:00 12:30 13:00 13:30 14:00 14:30 15:00 15:30

Local time

0

10

20

30

40

50

60

70

80

90

P
er

ce
nt

ag
e 

(%
)

Figure 11: Charging process: molten salt heat flow rate

Fig. 11 shows that at the beginning of the simulation, when molten salts
enter the tank, most heat transfer is due to convection with wet parts, floor
and wall (Q̇conv,l,f and Q̇conv,l,w). After that, radiation heat transfer with dry

wall (Q̇rad,l,wg) and roof (Q̇rad,l,r) also plays an important role. Heat transfer

by convection to the wet wall (Q̇conv,l,w) increases as the tank level rises up,

at the same time that radiation with dry wall (Q̇rad,l,wg) decreases due to the
reduction in the dry wall surface area. Radiation heat transfer with wet parts:
floor (Q̇rad,l,f ) and wet wall (Q̇rad,l,wl) is small in comparison to convective heat

transfer (Q̇conv,l,f and Q̇conv,l,w), therefore they may be neglected to simplify the
model. In general, heat transfer with the pump only represents a small fraction
(Q̇conv,l,p, Q̇rad,l,pl and Q̇rad,l,pg) and it may be neglected also to simplify the
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Figure 12: Charging process: gas heat flow rate

model. Although convective heat transfer with gas (Q̇conv,l,g) is small in terms
of molten salt heat flow rate percentage, it represents the most relevant amount
for the gas, as shown in Fig. 12.

With respect to the gas, most heat comes from molten salt by natural convec-
tion (Q̇conv,g,l). The gas also receives heat from the roof by natural convection

(Q̇rad,g,r), which receives energy from molten salts by radiation (Q̇rad,l,r). On
the other hand, the gas transfers a significant amount of heat to the dry wall
(Q̇conv,g,wg), which is also heated by molten salts through radiation (Q̇rad,l,wg).

Convective heat transfer with the floor (Q̇conv,g,f ) and pump (Q̇conv,g,p) is small
and it may be neglected to simplify the model.

3.2.3. Discharging Process

The tank discharging process was also simulated and compared against ex-
perimental data. Fig. 13 shows the outlet molten salt mass flow rate and tem-
perature. Experimental and simulated levels, molten salt and gas temperatures
are shown in Figs. 14, 15 and 16, respectively. Simulation results agree with
experimental data as shown in figures. In Fig. 16, thermocouples exhibit a dy-
namic behavior related to the thermowells where they are installed, which is due
to thermal inertia. This behavior is not related to gas temperature dynamics.
After such transients, the dynamics are similar to those from the model. This
simulation was also fast, it took less than 4 s.

3.2.4. Thermal losses

The experiment described in this section was conducted in order to estimate
thermal losses. Thermal losses rate is an important factor in TES systems
because molten salts must be kept above a certain minimum temperature in
order to prevent their freezing. The developed tank model provides a unique
mean molten salt temperature, however molten salts close to the tank floor may
have a slightly lower temperature. Nevertheless, the mean temperature value
provided by the model can be used as a reference for estimating the lowest
molten salt tank temperature.
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Figure 13: Discharging process: inlet molten salt mass flow rate and temperature
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Figure 14: Discharging process: experimental and simulated levels
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Figure 15: Discharging process: experimental and simulated molten salt temperatures

A flanged thermocouple tree was installed in the tank for this experiment.
Several thermocouples at different heights measure molten salt and gas temper-
atures. The molten salt was heated and then stored in the tank, which was left
at rest during 24 h. The initial molten salt level was 3 m, whereas the initial
mean molten salt temperature was about 337.4 ◦C.

A simulation was performed in the same conditions that the experiment in
order to validate the model ability to predict thermal losses. The simulation
results were compared against experimental data. Fig. 17 shows simulated and
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Figure 16: Discharging process: experimental and simulated gas temperatures
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Figure 17: Thermal losses: experimental and simulated molten salt temperatures. Texp,x

stands for measured experimented temperature at x mm in height with respect to the tank
bottom
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Figure 18: Thermal losses: experimental and simulated gas temperatures. Texp,x stands for
measured experimented temperature at x mm in height with respect to the tank bottom

experimental molten salt temperatures during the experiment. Same informa-
tion but for the gas is shown in Fig. 18. Experimental temperatures, as shown
in both pictures’ legends, account for the position of the thermocouple with
respect to the tank floor in millimeters. It can be seen that there is a good
agreement predicting thermal losses. The simulated gas temperature exhibits a
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slightly fast dynamic behavior than the real system. Like previous simulations,
only a few seconds are required to perform it.

3.3. Thermal Energy Storage (TES) tank simulation tool

With the aim of providing a simulation tool to reproduce the results pre-
sented in Sec. 3.2, a simulator of the developed TES tank model was built. This
application can be also useful for studying the system dynamics and to evalu-
ate the influence of the model parameters. This simulator is open source and
is freely available at https://ciemat-psa.gitlab.io/surf-simulator/projects/TES-
tank-simulator. Currently, there are binary versions for Linux and Windows
platforms.

Figure 19 shows some screenshots of the TES tank simulator. The applica-
tion includes the Modelica model exported following the FMI standard, input
files, experimental results, diagrams and documentation about the model and
experiments.

(a) Level (b) Molten salt temperature

(c) Heat flow rates (d) Tank diagram

Figure 19: Thermal Energy Storage (TES) tank simulation tool.

In the experiments menu, any of the operating days, previously discussed
in Sec. 3.2 (charging process, discharging process and thermal losses), can be
selected. Model parameters (see Tab. 1) are shown in a tree structure on the
top left side, where the user can change their default values. Simulation controls
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are shown on the bottom left side. When the simulation is finished, a partic-
ular time instant can be selected by manipulating the simulation bar. Inputs
and simulation results are shown on the right top side. Several tabs organize
this information in plots. For instance, simulated and experimental levels (see
Fig. 19a), simulated and experimental molten salt temperatures (see Fig. 19b),
simulated heat flow rates (see Fig. 19c). On the bottom right side, there are
three tabs, the authors tab provides information about the authors, the re-
sources tab can include documents, pictures and external links and the model
& experiment tab provides additional information. There is a thumbnail in this
tab. A diagram of the process is displayed in another window when the thumb-
nail is clicked. This diagram can graphically describe the process and displays
information about a particular point in time of the simulation, i.e. tank level,
molten salt, gas, insulation and metallic structure temperatures (see Fig. 19d).

Plots have contextual menus which allow the user to change their appearance
and configuration. Additionally, results can be exported as data or graphs to
files or the clipboard.

4. Conclusions and Future Work

This paper has introduced a dynamic tank model which has been validated
against experimental data in three different scenarios: thermal losses estima-
tion at rest, charging and discharging processes. The model properly estimates
the liquid level and mean liquid and gas temperatures. All geometrical fea-
tures, material thermal properties (tank metallic structure, pump, insulation
and foundation) and fluids (liquid, gas and ambient) are defined as parameters,
therefore they can be changed to adapt the model to different kinds of verti-
cal tanks. The tank model is suitable for dynamic charging and discharging
simulations, as well as at predicting thermal losses rates. Simulations are per-
formed fast so the model is suitable for optimization, real-time simulations and
model-based control systems.

Future work includes the coupling of the dynamic tank model with the aim
of modeling the dynamic behavior of a complete solar thermal power plant. An-
other task is the analysis, testing and design of charging and discharging control
strategies to optimize the plant performance under different meteorological con-
ditions and changes in thermal energy demand.
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