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Energy storage is acknowledged a key technology to meet the challenges posed by the energy transition. Short-
term grid-connected storage, based on Li-Ion batteries, is becoming commonplace but seasonal energy storage at
grid-scale will be needed for deep decarbonisation of the electrical power system. Pumped hydropower is
considered to be the only mature technology for such applications, but this paper demonstrates that two-tanks

molten salts systems, that are used today in commercial concentrating solar power (CSP) plants, can also be
considered a mature technology that can be used at large scale for seasonal energy storage. This was established
by evaluating the annual heat losses of molten salts tanks using validated models of these systems. The results
show that the heat losses in a very well insulated molten salts tanks are around 1 K/day, which would result in
good economic performance of the power block even if storage was required for up to months.

1. Introduction

An energy transition (or energy system transformation) is a signifi-
cant structural change in an energy system regarding supply and con-
sumption, therefore it goes beyond small changes or punctual changes.
According to IRENA [1], the success of the low carbon energy transition
will depend on a transformation of the global energy sector from fossil-
based to zero-carbon sources by the second half of this century, reducing
energy-related CO, emissions to mitigate climate change and limit
global temperature to within 1.5 °C of pre-industrial levels. They have
developed a pathway to achieve a 36.9 Gt reduction in CO, that requires
six technological avenues, 25 % of the reduction would come from new
renewable sources, 25 % from energy efficiency actions, 20 % from
electrification, 10 % from hydrogen use, 6 % from fossil fuels CO5
capture and storage (CCS), and 14 % from renewable energy-based CO,
removals (BECCS).

According to the International Energy Agency (IEA) [2], over the
decade 2010-2020, the renewable based electrical energy generation
grew worldwide from 6213 TWh in 2010 to 9506 TWh in 2020. Much of
this growth (Fig. 1) comes from solar PV (4+96.18 %), wind (+78.70 %),
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and other renewables (+46.49 %).

Renewable electricity generation, particularly PV and wind, are
variable and dependent on weather conditions, necessitating the use of
other forms of generation when they are not available. The current
conventional approach to provide this generation is to use fossil fuels, in
the form of coal, gas or oil-based generation, to provide energy when
renewable energy production is limited. An alternative low-carbon
approach is to store excess renewables-based production, using grid-
scale energy storage, and release it to the electricity system when
renewable production is limited.

According to the IEA [3], pumped-storage hydropower is the most
common form of energy storage both in terms of installed capacity and
energy stored. In pumped-storage, water is pumped into a reservoir and
then released to generate electricity at a different time, but this can only
be done in certain locations.

Batteries, typically Lithium Ion (Lilon) are now playing a growing
role in the provision of grid-scale energy storage, as they can be installed
anywhere in a wide range of power and energy levels and are becoming
very popular worldwide to provide services to electricity system oper-
ators to provide grid services. Furthermore, while batteries can cost
effectively provide significant amounts of power and are thus very useful
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Nomenclature

General symbols

A Surface area (m?)

Cp Specific heat capacity (J/kg-K)

DHI Diffuse Horizontal Irradiation (W/m?)
DNI Direct Normal Irradiation (W/m?)
GHI Global Horizontal Irradiation (W/m?)
h Specific enthalpy (J/kg)

m Fluid mass (kg)

m Mass flow (kg/s)

q Heat flow (W)

qr Total heat loss (W)

S Cooling rate (K/day)

T Temperature (°C)

u Specific internal energy (J/kg)

Vs Volume of salt inventory (m®)

Greek letters

as Solar absorptance of surface
O Solar altitudes (rad)

u Dynamic viscosity (Pa-s)

p Density (kg/m3)

Pgand  Reflectance of the ground surface
Subscript

cc Combined (mixed) convection
G Gas

jac Jacket

MS Molten salts

NC Natural convection

rad Radiation
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Fig. 1. Worldwide electricity production from renewable energy sources. Data source: [2].

for the provision of short-term frequency regulation services, the
amount of energy that can be cost effectively stored in batteries is
relatively small. Furthermore, while battery costs have fallen dramati-
cally in recent years due to the scaling up of electric vehicle production,
market disruptions and competition from electric vehicle makers have
led to rising costs for key minerals used in battery production, notably
lithium. It is now becoming evident that further cost reductions rely not
just on technological innovation, but also on the prices of battery min-
erals. Therefore, there are significant economic limitations in their
application beyond providing 2 h of storage.

Authors such as Bahlawan et al. [4] highlight the need of longer-
duration or even seasonal energy storage at grid-scale to reduce the
need for fossil-fuel based generation. To provide longer duration grid-
scale storage, a number of other technologies are under consideration
including compressed air energy storage (CAES), Liquid Air Energy
Storage (LAES) and Hydrogen Storage (HS) which are not commercially
mature or technology thermal energy storage (TES) based in two-tanks
solar salt storage which is regarded a much more mature energy stor-
age technology [5].

The two-tanks TES system is the most widespread storage system in

CSP commercial applications due to its good thermal properties and
reasonable cost [6]. Nowadays, molten salts provide a thermal energy
storage solution for the two most mature technologies available on the
market (e.g., parabolic trough and tower) and is used as direct and in-
direct storage depending on the selected plant philosophy (Fig. 2). Ac-
cording to IRENA [7], today there is 491 GWh of molten salts systems
installed capacity currently that could grow to 631 GWh by 2030.

Molten salt storage in CSP plants has proven to be an effective so-
lution for managing the daily intermittency of solar generation. How-
ever, it has never been considered for seasonal storage due to perceived
limitations in terms of space, long-term thermal efficiency, maintenance
costs, and restricted charge-discharge cycles. As longer duration / sea-
sonal energy storage becomes more important, more suitable alterna-
tives are being researched and developed to address this critical
challenge in the transition to a more sustainable energy matrix [7-10].
Molten salts are a viable and promising option for seasonal energy
storage due to their high storage capacity, thermal efficiency, design
flexibility, accumulated expertise, and successful applications.

In this research, the significant potential for the use of molten salts
based thermal energy storage technology for the provision of long-term
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Fig. 2. Schematic flow diagram of a tower plant with 2-tank molten salt storage system. (a) Direct configuration, (b) Indirect configuration.
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Fig. 3. Description of the methodology considered: (a) Calculation of cooling
rate and (b) Estimation of the asymptote at y = A.

/ seasonal energy storage, in future low carbon electricity systems will
be demonstrated.

2. Materials and method
2.1. Methodology

To evaluate if molten salts technology can be used for long-term grid-
scale energy storage, an illustrative example, estimating the annual heat
losses of molten salt tanks, using a detailed model of a system located in
Seville, Spain was carried out. A sensitivity analysis of heat losses was
done varying the mineral wool insulation thickness.

The heat losses will result in a drop of temperature during the period
of storage with a given insulation thickness and a given climatology for
Winter and Summer (cooling rate “S” in K/day, Figure a), and the error
is calculated using Eq. (1). This parameter is intended to measure the
difference between the results respect to the season.

Error = Swinier = Ssunmer © 100% @8
Ssummer

Heat flow diminishes as insulation thickness increases, and it is ex-
pected to follow an asymptotic profile, as illustrated in Fig. 3b.
Furthermore, it is expected that the cooling rate will also follow a similar
asymptotic pattern concerning insulation thickness. As insulation
thickness increases, it is assumed that the asymptote of heat flow
through the insulation (walls and the top) should approach zero. How-
ever, this assumption does not hold for the heat flow through the floor,
which exhibits distinct behaviour. The primary objective of this analysis
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Fig. 4. Sketch of the molten salt tanks.

90°C

is to estimate the coefficients A, B, and C of the asymptotic profile for
both heat flows and the cooling rate.

To achieve this estimation, a regression approach was employed,
comparing heat flow and cooling rate against the insulation thickness.
Coefficients A, B, and C are computed to maximize the coefficient of
determination (R?) of the regression, enabling a precise determination of
the asymptotic characteristics in the context of heat flow and cooling
rate behaviour as insulation thickness increases. Subsequently, the
cooling rate will be represented by an equation, and the asymptote at'y
= A can be estimated (Fig. 3b) This parameter is used to determine the
temperature drop needed to estimate the duration for which the tanks
can retain energy with acceptable thermal losses for the economic per-
formance of the full solar power plant.

2.2. Description of the storage tanks

Fig. 4 shows a sketch of the molten salt tank considered for this
analysis. The steel wall used was stainless steel of 0.6 cm thickness for
the bottom, 3.3 cm for the wall, and 0.7 cm for the top. The insulation
considered was mineral wool for the walls and top, while the bottom
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Table 1
Parameters of the materials.

Layer Material Density Specific heat Thermal conductivity
(kg/m>) capacity (J/ (W/m-K)
kg-K)
Steel wall” Stainless 7850 554 14.7 + 0.015-T
steel
Insulation” Mineral 160 840 0.037+210°4-T
wool
Refractory Freeflow 240 1008 0.01825+ 3.225
sand* 1000 R 1075-T+3.125e
10-8.12
Refractory Promasil 300 1030 0.07325—1.025 ¢
brick" 1100 1075.-T+ 9.375 e

1078.12

? Data obtained using Engineering Equation Solver (EES) material database.
b Data provided by [11].
¢ Data found in manufacturer's website.

Table 2
Thermophysical properties of the storage medium, solar salt [12].
Property Value
Density (kg/m>) p = 2090 — 0.636-T

Dynamic viscosity (Paes)  y =22.714¢1073 — 0.1210 3T+ 2.281 ¢ 10 7T% —
1.474 1071073

Thermal conductivity k =0.443+1.9-107-T

(W/m-K)

Specific heat (J/kg-K) ¢ = 1443+ 0.172-T

insulation (which is considered fixed in simulations) was 2 cm of re-
fractory sand Freeflow 1000 R and 30 cm of refractory brick Promasil
1100, insulation provided by Promat Ibérica S.A. The properties of the
materials are detailed in Table 1. The storage medium used was a
mixture of 60 wt% NaNO3 and 40 wt% KNOs, so-called “solar salt”; the
thermophysical properties are presented in Table 2.

2.3. Weather conditions

Weather data used in this analysis correspond to data acquired in a
weather station in Seville (Spain). The irradiation considered for a Direct
Normal Irradiance exceeding 400 W/m2 in Summer was 8.25 kWh/
m?.day, and in Winter, 3.4 kWh/m?2.day. The weather conditions for
Summer and Winter are shown in Fig. 5. Analysis reveals distinct
probability functions characterizing temperatures and wind speeds
during both summer and winter seasons. During summer, temperatures
predominantly fall within the range of 22 °C to 38 °C, whereas in winter,
they tend to hover between 9 °C and 17 °C. Wind speed exhibits a similar
behaviour in both seasons, with a predominant value below 2.5 m per
second. These findings underscore the significant seasonal variations in
meteorological parameters, emphasizing the need for context-specific
analyses when addressing temperature and wind-related influence on
heat losses.

2.4. Description of the transient model for heat loss estimation

A detailed description of the mathematical model can be found in
[13]. OpenModelica [14] was the software used for implementing the
mathematical model, which is based on one-dimensional transient-state
heat transfer. The storage media, the solar salts, and the cover gas were
considered to be ideally mixed and single-phase fluids with uniform
temperature distribution. The model considers the flow of the storage
media, the solar salts, and of the cover gas between the two storage
tanks. Heat losses were modelled considering conduction, convection,
and radiation according to the equations presented in Table 3. Inside the
tank, the fluids transfer heat to the jacket casing via natural convection
and radiation. The model also considers heat transfer due to solar
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radiation and mixed convection at the external surface of the tank. This
model was specifically designed for CSP applications, where the HTF
circulates into and out of the tank. To align with this application sce-
nario, the mass flow of the HTF was intentionally set to zero for the
purpose of this study.

A notable enhancement of the model used in this work is the inclu-
sion of the effects of the local heat losses stemming from assembly de-
fects that may manifest themselves in real-world scenarios. The
estimation of these effects was based on real data from a pilot plant with
8.1 MWhy, thermal capacity that was available in Seville (Spain) [15]
and another smaller pilot plant available in Lleida (Spain) [16], and is
modelled with:

Grocat = — 12.14667 —0.06962T ;s +49.33775L +3.71871D 2)

where qjocqr is the total heat flow by local effects (in kW), Ty is the
temperature of the salts inside the tank (in °C), L is the fraction level of
salts (height of salts over tank height), and D is the diameter of the tank
(in m).

The foundation of the tank typically includes a passive air-cooled
layer for refrigeration purposes, designed to maintain a maximum
temperature of 90 °C [17]. In this study, a fixed-temperature boundary
condition was applied to simplify the analysis, as illustrated in Fig. 4.
Subsequently, heat flow through the bottom is determined using a multi-
layer conduction model, where the heat sump is a surface at a constant
temperature of 90 °C.

3. Results and discussion

Fig. 6 presents the estimated heat losses through the wall and the top
vs. the thickness of insulation. As mentioned above, the heat losses in the
bottom are considered without varying the insulation thickness, where it
was obtained an average heat flux of about 91.97 W/m?. The heat loss in
the walls and roof shows the expected asymptotic behaviour mentioned
in Section 2.1. The heat losses through the walls and top do not vary
significantly from Summer to Winter even when the weather conditions
are very different, as shown in Section 2.3. Specifically, the heat loss
through the walls decreases significantly, ranging from approximately
275 W/m? with 15 cm of insulation to merely 48 W/m? when 1 m of
insulation is applied. Similarly, losses through the top of the tank
demonstrate a closely aligned pattern, decreasing from around 193 W/
m? with 15 cm of insulation to a mere 35 W/m? with 1 m of insulation.

Fig. 7 presents the estimated temperature drop from the tank with
time for different insulation thicknesses. As it can be seen, the tanks
would lose 2 K per day in a tank ideally built and 2.3 K per day in a tank
with local losses when only 15 cm of insulation is considered. But when
45 cm of insulation would be used in the walls and top of the tank, these
heat losses would decrease to 0.92 K and 1.24 K, respectively. Moreover,
in both cases, the temperature drop reaches an asymptote with 1 m of
insulation thickness (reasonable given the dimensions of the tanks),
which mean a 0.3 % temperature drop and 0.45 % temperature drop,
respectively. Moreover, in both cases, the error value remains minimal,
measuring below 2 %. Consequently, it is reasonable to presume that the
impact of weather fluctuations stemming from seasonal changes is
negligible.

The total estimated temperature drop in the storage tanks after 1
month at 565 °C for different insulation thicknesses is shown in Table 4.
Notably, there is a significant absence of significant temperature drop
disparities between summer and winter results. In both seasons, the
temperature drop exhibits similar values (due to low error in results).
However, a significant shift in dynamics becomes evident when ac-
counting for local heat losses. In scenarios where these losses are
factored into the equation, a discernible difference of approximately 10
K becomes apparent when compared to scenarios where local losses are
not considered. This divergence underscores the pivotal role played by
local heat losses in shaping the thermal behaviour of the system,



C. Prieto et al.

Journal of Energy Storage 86 (2024) 111203

6 1 45
=5 40
= o
Esq & 35 g
° = 5
23 A 30 ®
& = o
221 3 »E
= L3
24 20 &

Q< 15

date
DNl ---- Temperature ----- Wind speed
(a)
20% 40%
Z Z 30%
= 5
© 10% © 20%
o o0
= ] 11 I i1 S o l B
[= 9
0% _mm [ | 0% -,
18 20 22 24 26 28 30 32 34 36 38 40 0.5 25 35 45 55 65 75 85
B Temperature (2C) ® Wind speed (m/s)
(b) (c)
?3 ] el ! 1 F 19
] . ! O
£ 64 : T V=
=51 ! J'ill"ll-15§
T
o4 |8 B | R
ER : S g
EZ' \l ‘.\\ ‘||!v_9 =
= : SR - 2
0 - =
l-ene 6-ene. 11l-ene 16-ene. 31-ene
date
DNl - --- Temperature =---:= Wind speed

20% 60%
> >
E £
= = 40%
© 10% ©
: [l N B
a a

0% — 0% . - | — N
11 13 15 17 19 21 23 25 35 45 55 65 75

m Temperature (2C)

(e)

® Wind speed (m/s)

9]

Fig. 5. Weather conditions considered. (a) Summer weather; (b) Summer temperature probability; (c) Summer wind velocity probability; (d) Winter weather; (e)

Winter temperature probability; (f) Winter wind velocity probability.

introducing an additional layer of complexity to the otherwise season-
ally consistent temperature patterns observed.

The results of the calculated coefficients A, B, C of thermal losses and
the cooling rate are presented in Table 5. Based on the coefficient of
determination (R2), the heat flux at bottom has an asymptote at around
91.97 W/m?, while the heat flux at the walls and top has a very low
value of asymptote (or no asymptote). These results affirm the validity of
the assumption regarding the zero-value asymptote of heat loss through
walls and the roof. Furthermore, the coefficient of determination is
higher when not considering the asymptote for this heat flow profiles. In
the context of heat flow through the bottom surface, it is crucial to
highlight the distinctiveness of coefficient B in comparison to heat flow
through other surfaces. The remarkable feature of coefficient B is its

near-zero absolute value, which signifies an almost-constant trend. This
characteristic allows for the consideration of this heat flow as exhibiting
a nearly constant behaviour. Fig. 8 shows that most of the heat losses
come from salts (~98 %). The remainder heat losses are from the jacket
layers and the cover gas (~2 %). Moreover, local losses represent about
32.07 + 8.38 % of the total losses. And finally, the share of losses tends
to be similar independently of the weather conditions or insulation
thickness.

Table 5 shows that the cooling rate has an asymptote at 0.21 K/day
when local heat losses are not considered and at 0.53 K/day when they
are considered. These values represent the minimum achievable cooling
rate when dealing with infinite thickness (t—o0) or perfect insulation
(k—0). It is worth noting that this value may vary with the size of the



C. Prieto et al.

Table 3
Summary of the energy and mass balances in model used [13].
Heat flow Description
Energy balance of the d(musC,T) ) )
molten salt —a Minhin — Mouthour — qr.Ms + Gren
Mass balance of the dmus ) )
molten salt T - Min Mou
Energy balance of the d(mgu) )
cover gas g = Mehe —dre
Mass balance of the dmg ) AViys
cover gas & Me =~ /’c( at )

Energy balance in the
interface surface

Heat flows to the
jacket layers in
surfaces in contact
with the fluids
inside the tank

Energy balance in
outer surfaces

Heat flow from the
sun

qnems = gneG + Gradc

Qe = Qnc; wet surfaces
e qnc + Graa; dry surfaces

Gjac + Gsol = Gec + Grad

Gsol =

[(DNI)sing; + (DHI) JasA; Roof

(DNI) o D & Hcos0g ((DHI) + pyroyna(GHI) )

A
5% Walls

tank, though such an investigation falls beyond the scope of this study.
Nevertheless, this temperature drop serves as a valuable parameter for
conducting subsequent analyses pertaining to the thermal characteris-
tics of analogous molten salt tanks.

In the case of a seasonal thermal energy storage application, the
effective operational range of the salts spans from 260 °C to 565 °C. A

Il (kw)

©
2

Q

Q roof (kW)
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monthly average temperature loss ranging from 24 °C to 14 °C (worst to
best-case scenario as shown Table 4), leads to an round-trip efficiency
reduction ranging from 8 % to 5 %. In the case of a seasonal energy
storage application for electricity generation, a monthly average tem-
perature loss of 24 °C (Table 4), under the worst-case scenario, implies
an efficiency loss in the discharge cycle. The efficiency of a Rankine
cycle, which is a thermodynamic cycle used in electricity generation in
thermal power plants, is influenced by the temperature difference be-
tween the heat source and the heat sink. In this scenario, two different
temperatures in the heat sink are being considered, 565 °C and 530 °C.

Generally, a decrease in the temperature of the heat sink (in this case,
from 565 °C to 530 °C) tends to reduce the efficiency of the power cycle.
This is because the effective temperature difference between the heat
source and the heat sink is reduced, diminishing the cycle's ability to
convert heat into useful work. While the exact efficiency of the thermal
power cycle depends on various factors, including the heat source
temperature, heat sink temperature, working fluid properties, and spe-
cific cycle design, a baseline case has been considered where only the
turbine inlet temperature changes. According to the graph in Fig. 9, this
results in a maximum loss of up to 2 % in cycle efficiency in Rankine
cycle (blue line) [18]. In this figure, a comparative analysis is conducted
on the cycle thermal efficiency and optimal working conditions of three
distinct cycles: the air Brayton cycle, s-CO2 Brayton cycle, and steam
Rankine cycle, considering various turbine inlet temperatures.

4. Conclusions
This research has demonstrated that molten salt based thermal

storage technology has considerable potential to provide long-duration
or even seasonal storage for grid applications. The thermal model of
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&
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e

50 50 o
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tinsul (m)

—&— Summer — @ — Winter — B= Heat flux

Fig. 6. Calculated heat losses in the molten salt tanks. Top: losses through the walls: losses through the tank roof.
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Fig. 7. Results of coefficient C (temperature decrease with time) for (a) a tank not considering local losses, and (b) a tank considering local losses.

Table 4
Temperature drop (in K) in the storage tanks after 30 days at 565 °C.

Insulation thickness (m) Local losses not considered Local losses considered

) )

Summer Winter Summer Winter
0.15 59.20 60.12 68.42 69.33
0.30 35.92 36.42 45.40 45.89
0.45 27.15 27.50 36.73 37.07
0.60 22.56 22.82 32.18 32.44
0.75 19.73 19.94 29.38 29.59
0.90 17.82 17.99 27.48 27.65
1.05 16.43 16.58 26.11 26.25
1.20 15.38 15.51 25.07 25.19
1.35 14.56 14.68 24.25 24.36
1.50 13.90 14.01 23.59 23.69

Table 5
Results of the calculated thermal losses and the temperature drop.

Parameter Heat losses (W/m?) Cooling rate (K/day)
Bottom Walls Top Local losses No local losses

A 91.9668 —9.9485  —5.8391 0.5314 0.2069

B —1.5840 59.1639 41.7747 0.3567 0.3589

C —-0.8584 —-0.8284 —-0.8228 —0.8431 —0.8451

R% (A #0) 1.000 0.9987 0.9980 1.0000 1.0000

R? (A=0) n.a. 0.9991 0.9994 0.9843 0.9952

the system illustrates how the insulation system design, and its field
assembly process are the relevant factors in ensuring and optimising its
economic viability.

A detailed model, which includes the effects of the local heat losses
stemming from assembly defects based on real data from pilot molten
salt based thermal storage in Seville (Spain) [15] and Lleida (Spain) [16]
was developed in a prior work [13]. This model was used to demonstrate
how commercial tanks exhibit asymptotic behaviour in their losses for
insulation thickness values. The values that were determined were found
to be technically and economically feasible in construction. For thick-
nesses greater than 1.25 m, monthly losses range from 8 % to 5 % be-
tween the worst and best construction process scenarios.

The obtained values for monthly losses were found to have broad
alignment with the requirements for grid-scale long-duration seasonal
storage and underscore the significance of the construction process in
enhancing this viability.

Losses in thermal storage systems and their consequent decrease in
the temperature of the heat sink has an impact of the thermal-power
cycle to discharge the thermal store. The impact on the thermal power
cycle has also been analysed, with this impact being less than 2 % in the
worst-case scenario.

Roof
Surface
14.34%1
0.54% Roof
jacket
Roof
13.8% 1}
< 0.1% 4.68% 4.85% oy
Gas ' e b 7 Surface
0.16%
Free Dry
surface jacket
18.48%
' " 24.22% 25'2%Wet
Salt 98.01% Wet wall ' Surface
23.23%% 0.98%
Bottom 32.07% et
0.27% jacket
Foundation - Local
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Fig. 8. Heat losses distribution within the tank.
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