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H I G H L I G H T S G R A P H I C A L  A B S T R A C T

• Gas handling system elevates nitrate salt 
temperature limit up to 620 ◦C.

• Round-trip efficiency of up to 47.4 % for 
supercritical power plants.

• Up to 14 % cost savings with adapted 
620 ◦C nitrate salt technology.

• Using a 620 ◦C single tank concept can 
reduce costs by 18 %.

• Molten salt system costs approximately 
1/3 of lithium-ion battery costs.
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A B S T R A C T

Energy storage is essential for on-demand electricity generation from renewable sources like wind and photo
voltaics. Repurposing fossil-fired power plants with thermal energy storage (TES) offers a cost-effective solution 
for large-scale grid energy storage. This paper explores converting supercritical coal plants into flexible grid 
storage systems using adapted nitrate salt technology. State of the art TES systems are limited by their maximum 
operating temperatures at up to 560 ◦C, but higher temperatures cause nitrate salts to decompose. Supercritical 
steam power plants require steam temperatures above 600 ◦C for optimal efficiency. To address this, a closed gas 
handling system can keep gaseous decomposition products within the nitrate storage system, stabilizing the salt 
at temperatures up to 620 ◦C.

This study presents the optimal design of such a gas system based on a techno-economic analysis and de
termines the overall electrical efficiency improvement of the supercritical power plant equipped with the 
adapted 620 ◦C storage compared to a subcritical power plant with 560 ◦C. The costs of repurposing power plants 
with two-tank and single-tank (thermocline) storage systems are evaluated, identifying potential cost savings of 
up to 18 % with the 620 ◦C single-tank system. The gas handling system costs are minimal. Compared to grid- 
scale lithium-ion batteries with a 10-h discharge duration, the levelized cost of storage (LCOS) for the proposed 
system is lower for low charging electricity costs. The 620 ◦C nitrate salt technology could further reduce LCOS in 
most cases worldwide.

This paper demonstrates the economic feasibility of a 620 ◦C molten salt system, highlighting cost savings over 
conventional options like batteries. The research provides valuable insights into repurposing existing fossil fuel 
infrastructure for a sustainable and efficient renewable energy transition.
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1. Introduction

The primary goal of the EU's Green Deal is to achieve climate 
neutrality by 2050. In order to achieve this political goal, the amount of 
installed capacity of renewable energy sources needs to be increased and 
the amount of fossil fired power generation needs to be ramped down 
[1]. To achieve net zero emissions by 2050 globally, the IEA estimated 
that it is required to triple the global installed capacity of renewable 
energy sources by 2030 and increase it ninefold by 2050 [2]. As the 
share of variable energy generation increases, there will be a significant 
need for energy storage systems with long storage duration to minimize 
curtailment, transmission, and grid flexibility requirements [3]. Ther
mal energy storage is a highly cost-effective option for storing large 
amounts of energy. The addition of components that convert electricity 
to thermal energy and back to electricity creates a system we call Carnot 
battery. However, there have been numerous other definitions for such a 
system in literature, e.g. thermal battery, electro-thermal energy storage 
(eTES), molten salt energy storage (MOSAS), thermal storage power 
plant (TSPP).

The distinctive feature of Carnot batteries is that their operational 
parameters align with those of batteries or pumped hydro storage. They 
can be charged with electricity and release electricity when discharged.

The first work on Carnot batteries dates back to 1924, when Mar
guerre proposed a combination of mechanical and thermal energy 
storage for storing electricity by means of steam compression, a rankine- 
cycle and steam accumulators. The first concept using only thermal 

energy storage for storing electricity was presented by Cahn et al. in 
1978 [4,5]. Since then, there have been a number of studies on thermal 
energy storage (TES) in concentrated solar power (CSP) [6–8], coal fired 
power plants [9–14] and standalone Carnot batteries [5,15–18] inten
ded for the green field. Other concepts include retrofitting existing 
thermal power plants with electrically charged TES [19,20] or proposing 
the integration of TES into the steam infrastructure of chemical sites or 
combined heat and power [21–24]. It was also recently announced that 
a 560 MW coal-fired power plant in Chile is to be retrofitted with a 10 h, 
560 ◦C molten salt storage system [25,26].

This retrofitting concept requires a molten salt system consisting of 
an electric heater, a hot and a cold tank and a steam generator as shown 
in Fig. 1. The benefits of using molten salt as a storage medium include 
the ability to use non-pressurized large tanks and the dual function of 
molten salt as both a storage medium and a heat transfer fluid (HTF). 
This dual functionality eliminates the need for an additional heat 
exchanger, unlike parabolic trough systems that use synthetic oil as HTF. 
Additionally, nitrate molten salt is non-toxic and non-flammable. Solar 
Salt, composed of 60 wt% sodium nitrate and 40 wt% potassium nitrate, 
solidifies at approximately 223 ◦C [27]. To maintain the liquid state of 
the salt, electric trace heating is required for pipes and equipment to 
prevent solidification, especially when there is no salt flow and the pipes 
are not drained. A state-of-the-art 560 ◦C molten salt storage system is 
sufficient for retrofitting subcritical steam power plants with tempera
tures of approximately 550 ◦C. For higher temperatures, technologies 

Nomenclature

Abbreviations
1T Single-tank
2T Two-tank
CAPEX Capital expenditure
CF Correction factor
cs Cost share
CSP Concentrating Solar Power
EH Electric heater
eTES Electro thermal energy storage
GHS Gas handling system
LCOE Levelized Cost of Electricity
LCOS Levelized Cost of Storage
MS Molten salt
rr ramp rate
RT Roundtrip
SG Steam generator
TES Thermal energy storage

Greek characters
Δ difference, −
ρ density, kg/m3

η Efficiency, −
σ Stress, N/m2

Latin characters
c Specific cost, €/kWh, €/kW or Specific heat capacity, J/kgK
C Total costs, €
m Mass, kg
n Number of years, −
p Pressure, bar
P Power, W
Q Thermal energy, J
r Discount rate, −
t Time, s
T Temperature, ◦C, K

U Heat transfer coefficient
V Volume, m3

W Work, J

Subscripts
a ambient
al allowable
br breathing gas
c cold
ch charge
circ circulation
coal coal fired power plant
com compressor
comp component
ct cold tank
dc discharge
dyn dynamic
el electrical
fd foundation
g gas phase
h hot
ht hot tank
ind indirect
int integration
loss loss
net net
nom nominal
p constant pressure
pr process
real real
ref reference
s salt phase
tank tank
th thermal

Superscripts
˙ flow, 1/s
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like alumina packed beds (700 ◦C), chloride salts (800 ◦C), solid parti
cles (1000 ◦C), liquid silicon (2000 ◦C) and graphite (2400 ◦C) have been 
proposed [28–31]. Although these are innovative approaches, the 
technologies are yet to be demonstrated in a larger scale. Nitrate salt 
storage remains the commercially most employed grid connected ther
mal energy storage, with a total of 491 GWh of installed capacity 
globally as of today [32]. Unlike other storage media, adapting nitrate 
salt technology does not require the development of an entirely new 
large-scale storage system, but only small additions have to be made. 
Therefore, we propose an enhanced nitrate salt technology incorpo
rating an active gas handling system. This system can increase the cur
rent temperature limit from 560 ◦C to 620 ◦C by decreasing corrosive 
attack. In this way the higher steam parameters of a supercritical power 
plant of approximately 600 ◦C can be met.

The main advantage of choosing supercritical over subcritical cycles 
is seen in the much higher efficiency: e.g. Mancini et al. indicate an 
efficiency increase of up to 13 % for CSP [33]. One reason why this 
technology has not been realized yet, is because of salt instability above 
560 ◦C: Raising the temperature of the nitrate salt above 560 ◦C in an air 
atmosphere accelerates the decomposition of the salt, ultimately form
ing corrosive oxides in the molten salt. Controlling the gas atmosphere in 
the salt tanks can limit salt decomposition and corrosion to an accept
able level. Experiments from Bonk et al. presented clear evidence of the 
enhanced thermal stability of solar salt in long-term by using a closed 
gas atmosphere [34]. Experiments from Sötz et al. and Steinbrecher 
et al. support these findings by demonstrating stable oxide-ion contents, 
as an indicator for corrosivity, after 1000 h and even regeneration of 
decomposed solar salt by adding small amounts of nitrous gases to the 
purge gas [35–37]. Subsequent investigations into the impact of 
elevated salt temperatures on corrosion were conducted by Bonk et al. 
[38,39]. Their findings revealed that for the austenitic steel 347H, a 
material commonly utilized for the hot tank of molten salt storage, 
corrosion in Solar Salt is markedly influenced by temperature and the 
composition of the cover gas. Fig. 2 illustrates this effect for 570 ◦C with 
synthetic air cover gas and 620 ◦C with either synthetic air cover gas or a 
reactive gas composed of 80 % oxygen and 400 ppm NO. As can be 
observed, the corrosion rate at 620 ◦C with reactive cover gas is only 
marginally higher than the corrosion rate at 570 ◦C, whereas the 
corrosion rate at 620 ◦C with synthetic air cover gas is approximately 
three times as high.

The stabilizing effect can be attributed to the fact that the decom
position of nitrate salts can be regarded as an equilibrium reaction that 
occurs in both directions. The decomposition of nitrate salts occurs in 
two stages. In a first step the nitrate ion reacts to oxygen and a nitrite 
ion: 

NO−
3 ⇌0.5O2 + NO−

2 (1) 

In a second step the nitrite ion further reacts to an oxide ion and 
nitrous gases: 

2NO−
2 ⇌O2− + NO + NO2 (2) 

Although an increased nitrite ion content is not critical, an increased 
oxide ion content has a negative impact on the corrosivity of the salt. 
The equilibrium shifts to the right in both reactions with increasing 
temperature. However, increasing the partial pressure of the reaction 
gases shifts the equilibrium back to the left. In state-of-the-art two-tank 
storage applications, the gas atmosphere in the tanks constantly ex
changes gas with the ambient air, keeping the partial pressure of oxygen 
and nitrous gases low. To equilibrate the partial pressures of the reaction 
gases at a higher level, the system can be closed, leading to higher partial 
pressures of oxygen and nitrous gases after an initial production of ox
ygen and nitrous gases. The stabilizing effect of closing the system has 
been demonstrated by Kunkel et al., who showed that salt stability could 
be maintained at a scale of 100 kg at a temperature of 620 ◦C for over 
3500 h [40].

However, restricting the free expansion of salt and gas poses a 
challenge due to the potential pressure buildup in the tanks. Typically, 
large flat-bottom tanks are designed to withstand a maximum over
pressure of approximately 170 mbar [41]. For higher pressures, alter
ations to the tank shape should be considered, with a view to adopting a 
more spherical design, as is the case with pressure vessels. The current 
designs of pressure vessels have a maximum capacity of approximately 
100 to 500 cubic meters, due to the fact that they are factory-built [42]. 
A 1000 MWh molten salt storage system, however, necessitates a volume 
exceeding 5000 cubic meters. Consequently, a redesign comprising 
multiple smaller pressure vessels is inadvisable, given the considerable 
increase in costs that would be incurred.

Therefore, in this work, we propose a closed gas handling system 
(GHS) that actively controls the pressure in the tanks, allowing the tanks 
to be designed at atmospheric pressure levels. Limiting the design 
pressure is a prerequisite for this concept. The volume of recurrently 
contracting and expanding gas must be collected in a separate container, 
in this case a pressure vessel.

The benefit of focusing on supercritical steam parameters is that 
higher thermal efficiencies can be achieved with this type of power 
plants. The paper examines the total component costs and electrical-to- 
electrical efficiencies, also known as roundtrip efficiency (ηRT), of the 
retrofitted parts of the 560 ◦C versus 620 ◦C concept. This includes a 
newly introduced gas system for the latter.

The authors expect further cost reduction potential from the use of a 
single-tank (1T) storage system instead of a two-tank storage system 
(2T). The single-tank concept is based on the principle of separating two 
liquid volumes with different buoyancies due to their varying densities 
at different temperatures. In this concept the hot molten salt floats at the 
top, while the cold molten salt is at the bottom. Between these two 
volumes, there is a temperature transition zone also called thermocline. 
Experiments conducted in a 2.2-m diameter tank demonstrated that a 

Cold molten salt tank

Hot molten salt tank

Electric heater
Steam generator

Fig. 1. Illustration of molten salt storage system for retrofitting concept.

Fig. 2. Effect of temperature and cover gas composition on corrosion of 347H 
in Solar Salt. Surface image and corrosion rate after 1000 h of testing, redrawn 
from [39].
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thermocline thickness of less than one meter could be observed at 
temperatures ranging from 290 ◦C to 550 ◦C for this concept [43]. 
Although this was for a 24-h duration, the thermocline thickness in a 
real system depends markedly on how the storage is operated. The 
temperature profile is shaped by external operating conditions. Since the 
thermocline expands over time due to convective mixing [44] and heat 
conduction, it is essential to periodically extract this zone from the 
storage tank, at least partially. This practice maintains the stratification's 
compactness and minimizes the amount of salt at an unusable inter
mediate temperature. Extracting the thermocline zone is crucial for 
preserving its compactness [45–47]. During the end of a charging or 
discharging process, the temperature of the returning liquid from the 
storage rises or falls, respectively. The further the storage is charged or 
discharged, the steeper the temperature profile becomes in the next 
cycle. While there are various methods for constructing such a tank, 
including a packed bed, encapsulated phase change material (PCM) or a 
moving barrier, the simplest approach appears to be a single tank with 
no filler material or moving barrier. Especially for the elevated tem
perature of 620 ◦C there are open research questions regarding filler salt 
interaction leading to salt degradation and thermal ratcheting. For these 
reasons in this study we propose to use a single-tank storage with no 
additional filler material.

A technoeconomic analysis was conducted to compare a 620 ◦C 
molten salt thermal energy storage (2T and 1T) integrated into an 
existing supercritical power plant with a 560 ◦C molten salt storage 
system and grid-scale lithium-ion batteries.

The originality and novelty of this work is a new method for energy 
storage by retrofitting existing fossil-fired power plants with thermal 
energy storage (TES) systems that use nitrate salt up to 620 ◦C. The 
proposed closed gas system prevents the decomposition of nitrate salts at 
elevated temperatures. This innovative approach addresses a critical gap 
in current storage technology and enables the retrofitting of supercriti
cal power plants into Carnot batteries. The study presents a compre
hensive techno-economic analysis, which reveals potential cost savings 
and improved efficiencies compared to state-of-the-art solutions using 
molten salt. The gas handling system (GHS) is optimized to integrate 
molten salt storage systems into supercritical power plants, resulting in 
the highest efficiencies.

The presented work is relevant for large-scale grid energy storage 
integration, which is crucial for the deployment of renewable energy. It 
compares and highlights the cost-effectiveness and longevity of this 
approach and lithium-ion battery systems. Furthermore, this work pre
sents an analysis of the technical and economic competitiveness of 
converted supercritical coal-fired power plants that use molten salt 
storage. The literature on techno-economic issues related to high- 
temperature storage in coal-fired power plants assumes a maximum 
operating temperature of approximately 560 ◦C for salt storage.

To date, no one in the CSP or any other sector has demonstrated 
molten nitrate salt stability at an elevated temperature of 620 ◦C on a 
large scale. A gas handling system is considered to be a crucial compo
nent for the widespread implementation of 620 ◦C nitrate salt technol
ogy, even beyond CSP. This concept is a new approach with significant 
potential in the context of repurposing coal-fired power plants using 
molten salt thermal energy storage.

2. Method

2.1. Assumptions and description of a closed gas handling system for the 
620 ◦C concept

A closed GHS is required to compensate for volume expansion in the 
tank system and to prevent gas exchange with the atmosphere. Fig. 3
shows a schematic diagram of a GHS in gas storage mode (dark grey) and 
gas release mode (pale grey). The GHS consists of a pre-cooler, a gas 
compressor with motor, an after-cooler, a pressure vessel as well as a 
control valve and an electric heater. A pressure control unit controls the 

gas flow to and from the pressure vessel.
In gas release mode (pstorage < patm), gas is released from the pres

sure vessel via the control valve to compensate for the slight negative 
pressure in the storage system (a few mbar). The gas temperature can be 
raised with the electric heater to avoid local salt solidification when 
entering the storage system.

In gas storage mode (pstorage > patm), gas is pumped from the storage 
system via a controlled compressor into the pressure vessel to 
compensate for the slight overpressure that develops as a result of 
temperature change in the storage system. The gas is selectively cooled 
to ambient temperature by means of a pre-cooler and an after-cooler 
(upstream and downstream of the compressor). It is assumed that the 
compressor operates at 50 ◦C inlet temperature.

As already described, the filling level of the two-tank storage system 
changes in each tank during charging and discharging. As a result, gas 
above the molten salt is either pushed out or has to flow in so that the 
pressure is completely equalized with the atmosphere as flat bottom 
tanks operate close to atmospheric pressure conditions (mbar range) due 
to static reasons. In the two-tank storage system, the gas flows from one 
tank to the other via a so-called gas balance line. Fig. 4 illustrates the 
heat and mass flows during discharging of a two-tank storage system. In 
this process, the balance gas undergoes a temperature change. This re
sults in additional gas expansion or contraction, so that additional gas is 
supplied to or excess gas escapes from the storage system. In the case of 
the state-of-the-art two-tank storage system, this process is also referred 
to as “tank breathing” because the air exchange takes place directly with 
the atmosphere. At elevated storage temperatures where a closed gas 
system is required, the excess of breathing air mass flow must be 
compensated by the GHS. The mass flows can be determined using a 
mass and energy balance as a function of the heat input and output to the 
salt.

During the discharge of the two-tank storage system, molten salt is 
pumped from the hot tank through a heat exchanger, where it is cooled 
down and transferred to the cold tank. This change in temperature leads 
to a contraction of the salt, which ultimately increases the total gas 
volume in the two tanks. Concurrently, cold gas is flowing from the cold 
tank through the connecting gas balance line to the hot tank. In the hot 
tank, the entering cold gas is immediately heated by the large thermal 
mass of the hot tank and expands as it is an isobaric process. The gas 
expansion is greater than the molten salt contraction, resulting in an 
excess of gas, which we refer to as breathing gas. Consequently, during 

Fig. 3. Schematic diagram of a GHS in gas storage mode (marked by dark grey, 
inactive parts are pale grey).
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discharging, the two-tank storage system “breathes out”. During 
charging it “breathes in”. In a single-tank system, the gas phase remains 
at a constant temperature, while the molten salt undergoes a tempera
ture change. Consequently, the amount of breathing gas is solely 
determined by the molten salt expansion and contraction. As a result, 
ṁbr,1T is lower than ṁbr,2T and flows in the opposite direction.

Under the assumption of a constant specific heat capacity cp,s,ref of 
the salt, a mass and energy balance over the two tanks (system limit 
indicated with dashed lines in Fig. 4) yields the following gas mass flow 
ṁbr,2T/1T as a function of the heat flow Q̇pr that is supplied or removed in 
the process, the temperatures Thot and Tcold, and the densities ρg,c, ρg,h, 
ρs,c, and ρs,h: 

ṁbr,2T = Q̇pr⋅
(
ρg,c

/
ρs,c − ρg,h

/
ρs,h

)/(
cp,s,ref ⋅(Th − Tc)

)
(3) 

ṁbr,1T = − Q̇pr⋅
(
ρg,h

/
ρs,c − ρg,h

/
ρs,h

)/(
cp,s,ref ⋅(Th − Tc)

)
(4) 

The total volume of gas at atmospheric pressure and ambient tem
perature Tamb during a breathing cycle (Vbr,a,2T/1T) can be expressed as a 
function of the volume of salt available for heat storage Vs,c and the 
temperature-dependent densities of salt and gas (ρg,a, ρg,c, ρg,h, ρs,c, and 
ρs,h) for both two-tank storage and single-tank storage. The primary 
distinction between two-tank and single-tank storage is that in the 
former, approximately 50 % of the storage volume is consistently 
occupied by gas. The fluctuating liquid level of the two tanks necessi
tates the flow of gas from one tank to the other. This process of gas 
balancing is associated with a change in the temperature of the gas, 
which in turn results in a change in the volume of the gas. As an illus
tration, the breathing gas volume for a molten salt two-tank storage 
system (620 ◦C hot tank and 290 ◦C cold tank temperature) can be 
evaluated. This results in a breathing gas volume at ambient tempera
ture and pressure that is approximately 15 % of the volume of the salt at 
the cold tank temperature. In contrast, for the single-tank storage sys
tem, this ratio is only 4 % at the same conditions. 

Vbr,a,2T = Vs,c⋅
(
ρg,c

/
ρg,a −

(
ρs,c⋅ρg,h

)/(
ρs,h⋅ρg,a

) )
(5) 

Vbr,a,1T = − Vs,c⋅
(
ρg,h

/
ρg,a −

(
ρs,c⋅ρg,h

)/(
ρs,h⋅ρg,a

) )
(6) 

The heat loss Qloss,br,2T/1T that occurs due to “breathing” during one 
complete charge and discharge cycle is obtained by an energy balance 
and integration. It can be expressed in terms of the specific heat of the 
gas cp,g,ref , salt temperatures Th, Tc and temperature of the gas entering 
the tank Tbr,in, densities ρg,c, ρg,h, ρs,c, and ρs,h as well as the utilized salt 
mass ms. In accordance with the aforementioned example, the total heat 

loss during a single cycle would then amount to a mere 0.006 % (2T) or 
0.003 % (1T) of the total heat stored within the storage system. 

Qloss,br,2T = cp,g,ref ⋅
(
Tc − Tbr,in

)
⋅
(
ρg,c

/
ρs,c − ρg,h

/
ρs,h

)
⋅ms (7) 

Qloss,br,1T = − cp,g,ref ⋅
(
Th − Tbr,in

)
⋅
(
ρg,h

/
ρs,c − ρg,h

/
ρs,h

)
⋅ms (8) 

2.2. Cost assumptions for the molten salt heat storage system

Cost estimation was performed using available data from the litera
ture as well as physical relationships introducing correction factors CF. 
Exact values of the introduced correction factors are presented in the 
result and discussion section.

For the cost calculation of the two-tank storage system, total specific 
TES costs (c2T,ref) of 21 €/kWh related to the energy content were 
assumed [48]. For the state of the art, Glatzmeier et al. gives the 
following cost shares of the total costs of the storage system listed in 
Table 1 [49].

An increase in the operating temperature from 560 ◦C to 620 ◦C has 
the effect of both increasing the mechanical strength requirements of the 
hot tank and enhancing the energy density of the storage system. This is 
due to the fact that as the temperature difference is increased, it becomes 
possible to store more energy in the same amount of salt. Both phe
nomena are reflected in the specific costs c2T with the aid of two 
temperature-dependent correction factors, CF1 for the energy density 
and CF2 for the mechanical strength. 

c2T = CF1⋅CF2⋅c2T,ref (9) 

The costs of single-tank storage differ from those for two-tank storage 
in that the cost of a cold tank and the associated tank supports, foun
dations and site work are not required. This is described by the factor 
CF3. There are also costs for additional salt and larger sizing of the tank 
due to the thermocline zone. This is described by the factor CF4. In 
addition, slightly higher wall thicknesses are required to accommodate 
for additional bending stresses induced by the temperature profile. This 

Fig. 4. Schematic illustration of the heat and mass flows during discharging for a two-tank (left) and a single-tank system (right).

Table 1 
Cost share for a molten salt storage system based on Glatzmeier et al. [49].

Description of cost share Variable name Value

Hot tank including pump csht 27 %
Cold tank including pump csct 12 %
Salt css 46 %
Tank supports, foundations and site work csfd 10 %
Electrical, instrumentation, piping, valves and fittings – 5 %
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is described by the factor CF5. Scaling constraints due to other thermal 
stresses were neglected in this study. Therefore, the results must be 
handled with care: 

c1T = CF1⋅CF2⋅CF3⋅CF4⋅CF5⋅c2T,ref (10) 

For the state-of-the-art salt electric heater, a constant specific cost 
(cEH,ref) of 100 €/kW was assumed [19]. However, as the temperature 
increases, the heat flux in the heating elements decreases. Therefore, in 
this study, a one-dimensional model for the electric heater was devel
oped solving first principle equations in Matlab. It was assumed, that all 
fluid properties where independent from temperature and therefore 
constant. On this basis the correction factor CF6 was evaluated as a 
function of the inlet and outlet temperature. The specific cost of the 
electric heater can thus be calculated as follows: 

cEH = CF6⋅cEH,ref (11) 

The molten salt steam generator of a subcritical steam cycle usually 
consists of at least four heat exchangers (preheater, evaporator, super
heater and reheater) and a steam drum with forced circulation. A con
stant specific cost (cSG,ref) of 46 €/kW [48] was assumed for the 
subcritical steam generator. A supercritical molten salt steam generator 
was assumed to be built as a once-through steam generator consisting of 
one single heat exchanger per pressure level. The transition from a 
subcritical molten salt steam generator cSG,560◦C to a supercritical steam 
generator cSG,620◦C can be denoted as: 

cSG,560◦C = CF7⋅cSG,ref (12) 

cSG,620◦C = CF8⋅cSG,560◦C (13) 

The correction factor CF7 represents the cost deviation due to a pinch 
point variation. Steam parameters for the reference steam generator 
were based on an IEA report from 2007 [50]. The correction factor CF8 
comprises for the effect of different materials, wall thicknesses and 
steam generator layouts for supercritical steam generators due to the 
temperature increase.

The specific cost for the GHS cGHS[€/kWh] related to the thermal 
storage capacity (Qth) was estimated based on the costs for the compo
nents pressure vessel, compressor, air cooler, electric heater, and bal
ance of plant. The specific cost of the GHS can be calculated as follows, 
where CY represents the total component costs of each component Y: 

cGHS =
∑

CY

/
Qth (14) 

The following assumptions for CY listed in Table 2 were made.

2.3. Efficiency definitions

A range for the net efficiency of sub- and supercritical coal fired 

power plants is presented in [50]. A range for the thermal efficiency of 
the power plant can be calculated using following formula, where 
ηnet,coal is the nameplate net efficiency of the coal fired power plant, 
ηSG,coal and ηSG,s are the efficiencies of the coal and salt steam generators 
and ηnet,s is the net efficiency of the of the repurposed power plant (heat 
from molten salt storage to electricity). 

ηnet,s ≈ ηnet,coal⋅ηSG,s
/

ηSG,coal (15) 

A range for the so-called nominal round-trip-efficiency of a repur
posed power plant can be calculated by multiplying the subcomponent 
efficiencies of the steam generator, the electric heater, the thermal en
ergy storage and the power plant: 

ηRT,nom ≈ ηEH⋅ηTES⋅ηnet,s (16) 

As conventional coal-fired power plants are mostly designed for 
continuous power supply, the repurposed options with a TES will most 
likely be used with one or two daily cycles, requiring steep ramp rates so 
that it can be used like a ‘grid connected battery’. The startup times of 
conventional coal-fired power plants depend on how long the power 
plant has been shut down before [55]. A plant starting from a completely 
cold state can take several hours to reach full capacity. For this reason, a 
new efficiency ηdyn considers the need to dump power from the plant 
that cannot be ramped down fast enough or needs to be ramped up well 
in advance (warm or cold start-up). 

ηRT,real ≈ ηdyn⋅ηRT,nom (17) 

An exemplary load profile and the corresponding generator and 
electric heater load for a storage powerplant is displayed in Fig. 5. The 
ramp rate rr is defined as the normalized maximum achievable power 
increase or decrease per time: 

rr = |∂Pel/∂t|max⋅1
/
Pel,nom (18) 

The energy demand for charging Wel,ch and the energy amount 
transferred during recycling Wel,circ can be calculated as follows: 

Wel,ch =
(
Wel,dc +Wel,circ

)/
ηRT,nom − Wel,circ (19) 

Wel,circ =
(
Pel,nom +Pel,min

)/
rr (20) 

According to Fig. 5 the dynamic efficiency ηdyn can be calculated as 
follows: 

ηdyn = tdc
/(

tdc +
(
1 + Pel,min

/
Pel,nom

)/
rr⋅

(
1 − ηRT,nom

) )
(21) 

Table 2 
Assumed component costs CY of gas handling system in 2023.

Component 
Y

Cost function for 
2023 in € (CY)

Variable X Notes Ref.

Pressure 
vessel

11⋅X Mass of steel, 
kg

Wall thickness 
according to [51], 
minimum wall 
thickness 20 mm

[42]

Compressor 2035⋅(10⋅X)0.6 Power, kW Carbon steel [52]
Air-Cooler 194⋅X+ 19319 Heat transfer 

area, m2
U = 15 W/m2K [53]

Electric Gas 
Heater

218⋅X Power, kW [54]

Balance of 
plant*

0.49⋅X Total 
component 
costs, €

Gas processes 
‘≤ 400 ◦ F’

[53]

* Balance of plant includes: foundation, structural steel, buildings, insulation, 
instrumentation, electrical, piping, painting and miscellaneous.

Fig. 5. Load profile (top) and generator and electric heater load (bottom) for a 
time period of 36 h and a charge and discharge time of 10 h with 2 h of zero 
electricity production.
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2.4. Levelized cost of storage

According to Jülch et al. [56] the levelized cost of storage (LCOS) is 
defined as the discounted cost per unit of discharged electricity for a 
specific storage technology and application. It can be expressed as 
follows: 

LCOS =
CAPEX +

∑N
n

O&M cost
(1+r)n +

∑N
n

Charging cost
(1+r)n + End of life cost

(1+r)N+1

∑N
n

Wel,dc
(1+r)n

(22) 

With CAPEX being the capital expenditure of a project or system, O& 
M cost containing all costs related to operation and maintenance during 
one year of operation, Charging cost expressing the electricity cost for 
charging and End of life cost being the costs that are related to 
decommissioning of the plant. The variable r is the interest rate and 
Wel,dc is the amount of electricity produced during one year.

CAPEX includes the costs of the major components CAPEXcomp 

(comprising electric heater, storage tanks and steam generator) as well 
as the costs for associated integration efforts CAPEXint (comprising 
piping, instrumentation, civil and electrical integration) and indirect 
costs CAPEXind. 

CAPEX = CAPEXcomp +CAPEXint +CAPEXind (23) 

The indirect costs CAPEXind were assumed proportionally to the 
component costs CAPEXcomp, which can be calculated from the specific 
component costs described in the section 2.2, the charge and discharge 
duration tch and tdc, the net efficiency of the repurposed power plant ηnet,s 

as well as the nominal electric capacity of the plant Pel. 

CAPEXcomp = Pel⋅
( (

c2T;1T + cGHS
)
⋅tdc + cEH⋅tdc

/
tch + cSG

)/
ηnet,s (24) 

As all specific component costs are a function of the cold tank tem
perature Tc, optimization was required to determine the lowest value for 
the total costs CAPEXcomp. The optimized cases were then used for the 
cost calculation.

A margin of +/− 20 % uncertainty of the total CAPEX was assumed 
for this approach. This paper neglects the end-of-life costs, which is a 
common approach [56]. Fig. 6 illustrates the overall methodology of 

LCOS-calculation, which is based on three pillars:

1. Financial parameters (e.g. interest rate r and timespan N) and 
operating and maintenance (O&M) costs

2. The minimum and maximum values for the round-trip efficiency for 
the two investigated repurposing options MS-560 and MS-620

3. The investment costs for repurposing projects which are calculated 
based on the required component size.

In order to size the components, it is necessary to know the round- 
trip efficiency and to define the electrical power, charging and dis
charging duration. In this study, a constant capacity of 100 MWel is 
assumed, with a charging and discharging duration of 10 h each. The 
specific component costs for the MS-560 system are based on values 
from literature, while for the MS-620 system, the introduced correction 
factors were used. The correction factors are based on physical re
lationships or referenced techno-economic investigations.

3. Results

3.1. Comparison of round-trip-efficiencies of retrofitted thermal power 
plants

Worldwide built supercritical coal-fired power plants (lignite and 
hard coal) have on average 9 % higher net efficiencies than built 
subcritical plants [50]. An approximate range for the net electrical ef
ficiency of subcritical and supercritical coal-fired power plants (ηnet,coal) 
and the steam generator efficiency (ηSG) is given in Table 3. The two 
newly introduced repurposing options MS-560 and MS-620 are also 
evaluated here in terms of their sub-component efficiencies. The option 
MS-560 is a state-of-the art molten salt storage system, the option MS- 
620 is an advanced molten salt storage system with elevated tempera
ture and a GHS and with an 2T or 1T storage system. On the basis of 
these sub-component efficiencies, a range for the expected nominal 
round-trip-efficiency (ηRT,nom) for the options MS-560 and MS-620 was 
calculated. The different losses along the energy conversion chain in an 
existing coal fired power plant and a repurposed sub- and supercritical 
plant are also displayed in a Sankey diagram in Fig. 7. Repurposed coal- 

Fig. 6. Overall methodology of LCOS-calculation.
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fired power plants equipped with Thermal Energy Storage (TES) are 
likely to operate with one or two daily cycles, similar to a grid-connected 
battery, requiring rapid ramp-up and ramp-down rates. This dynamic 
operation introduces a new efficiency metric, ηdyn, which accounts for 
the power loss due to the inability of the plant to quickly adjust its 
output levels, especially when starting from a cold state which can take 
several hours to reach full capacity. Using the formula (21), the dynamic 
efficiency ηdyn can be calculated as a function of the charge and 
discharge duration, the nominal and the minimum load as well as the 
ramp rate. For common ramp rates, a charge and discharge duration of 
10 h each and a nominal load of 100 MWel and a minimum load of 20 
MWel, the real round-trip efficiency ηRT,real can be up to 5 % lower (ηdyn 

= 95 % − 100 %) than the nominal round-trip efficiency, assuming that 
100 % of the electricity that needs to be discarded can be ‘recycled’ by 
storing it using the electric heater.

The time required for a coal-fired power plant to reach full opera
tional capacity is largely dependent on the performance of the boiler and 

steam turbine systems. In this study, the coal-fired boiler is considered to 
be decommissioned. Consequently, the focus is on ramping up the new 
molten salt steam generator, which has a comparatively low thermal 
mass that can be kept warm, and the turbine system. The time required 
for the steam turbine to reach full capacity can be considerably shorter 
than the time needed to heat the entire plant from a cold or warm start. 
Nevertheless, supercritical power plants are typically more susceptible 
to load fluctuations than subcritical power plants. This is largely 
attributed to the elevated thermal stress and differential expansion of 
the turbine rotor and casing during transient conditions. Consequently, 
the ramp-up time and the value for ηdyn must be assessed on a case-by- 
case basis. Therefore, the calculated value for the dynamic efficiency 
in this study requires careful consideration.

3.2. Investment costs estimation

The following section presents the results of how the correction 
factors introduced in the methodology section were calculated in detail. 
In the context of a two-tank storage system, the correction factor CF1 
represents the temperature difference ΔT between the hot tank and the 
cold tank. This difference has an influence on the energy density of the 
storage system. Consequently, as ΔT increases, the volume of the 
required salt mass and also of the tank itself decreases. The correction 
factor CF2 represents the temperature dependent material strength of 
the hot tank σal,ref and σal. The cost share csht is defined in 2.2.Thus, CF1 
and CF2 can be calculated as follows: 

CF1 = ΔTref
/

ΔT (25) 

CF2 = csht⋅σal,ref
/

σal (26) 

The hot tank correction factors CF1 accounts for the change in energy 
density as a function of the temperature difference between hot and cold 
tank (see Fig. 8a). The hot tank correction factor CF2 represents the 

Table 3 
Efficiency results for existing and retrofitted coal fired power plants with sub- 
und supercritical steam parameters.

Subcritical 
coal

MS-560 Supercritical 
coal

MS-620

Net efficiency coal 
(ηnet,coal) [50]

27 %–37.4 
%

– 38.4 %–44 % –

Coal-fired boiler 
efficiency (ηSG,coal) / 
steam generator 
efficiency (ηSG,s)

80 %–90 % 100 % 90 %* 100 %

Electric heater efficiency 
(ηEH)

– 98 %** – 98 %**

Storage efficiency (ηTES) – 99 
%***

– 99 
%***

Net efficiency salt (ηnet,s) 33.8 %–41.6 % 42.7 %–48.9 %
Nom. round-trip- 

efficiency (ηRT,nom)
– 32.8 %– 

40.4 %
– 41.4 

%– 
47.4 %

Dynamic efficiency (ηdyn) – 95%– 
100 %

– 95 %– 
100 %

Real round-trip-efficiency 
(ηRT,real)

– 31.2 %– 
40.4 %

– 39.3 
%– 
47.4 %

* Average value for coal fired boilers according to [57].
** Based on three offers from manufactures of minerally insulated resistance 

heaters. 
Losses include transformer losses, wire losses, losses in control electronics and heat 

losses.
*** Thermal losses of a fully charged storage based on one cycle per day.

Fig. 7. Sankey diagram for an existing coal fired power plant with supercritical 
steam parameters (grey) as well as for a repurposed power plant with MS-620 
heat storage system (colored).

Fig. 8. Correction factors: (a) CF1 influence of energy density on specific 
storage costs as a function of the temperature difference between hot and cold 
tank. (b) CF2 influence of tank material strength decrease on specific storage 
costs as a function of the hot tank temperature. (c) CF6 influence of film tem
perature on specific electric heater costs as a function of the hot tank temper
ature. (d) CF7 influence of the log-mean-temperature-difference on specific 
steam generator costs as a function of the cold tank temperature increase.
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change in tank wall thickness as a function of hot tank temperature due 
to tank material strength decrease. Here, σal denotes the maximum 
allowable stress of the material SS 347H as a function of temperature. 
This alloy exhibits high resistance to intergranular corrosion and dem
onstrates advantageous mechanical properties at elevated temperatures. 
The values for the yield strength and creep strength were obtained from 
the published data on material 1.4961, which has a composition similar 
to that of 1.4550 (SS 347H) [58,59]. Depending on the temperature, the 
lower value of the creep rupture strength and the yield strength reduced 
by a safety factor was selected (see Fig. 8b). The reference temperature 
for the maximum allowable stress σal,ref was set at 20 K higher than the 
operating temperature, which was established at 580 ◦C.

In the single-tank configuration (no filler material), the correction 
factor CF3 represents the reduction from two tanks to only one tank, the 
correction factor CF4 represents the surplus amount of salt that is 
needed for the thermocline zone. In this case, it is assumed that only 95 
% of the salt can be used, based on the assumption that the tank height is 
approximately 15 m, the non-usable salt volume of the thermocline zone 
has a height of 1.3 m, and the sump of the cold tank is 0.6 m. In the case 
of single-tank storage, the necessity for a sump is effectively eliminated 
since the liquid level is consistently maintained at a high level. CF5 
represents the cost increase due to higher wall thickness (conservatively 
assumed to be 20 % higher). As these factors CF3, CF4 and CF5 are in
dependent of the temperature they can directly be evaluated as follows: 

CF3 =
(
1 − csct − 1

/
2⋅csfd

)
= 0.83 (27) 

CF4 = 1/0.95 = 1.05 (28) 

CF5 = 1 + 0.2⋅csht = 1.05 (29) 

The cost of the molten salt electric heater depends on the salt inlet 
temperature, on the salt outlet temperature and on the allowed wall 
temperature. As can be seen from Fig. 8c, the cost correction factor CF6 
increases rapidly, if the maximum wall temperature Tw,max is set to 
625 ◦C instead of 640 ◦C. This considerable increase can be attributed to 
the fact that the required heat transfer area of the heater is directly 
proportional to the reciprocal of the logarithmic temperature difference. 
Consequently, for a hypothetical temperature difference of 0 K, the heat 
transfer area and, ultimately, the costs would become infinite.

Wall temperature restrictions below 640 ◦C are not expected at this 
time as Frantz et al. did not experience any gas production for wall 
temperatures of 633 ◦C [60] and Bonk et al. and Steinbrecher et al. 
demonstrated acceptable salt stability and low corrosion rates in solar 
salt with a closed gas atmosphere up to 650 ◦C [38,61] and the electric 
heater can be assumed closed. Hence, this work assumes 640 ◦C 
maximum wall temperature.

Fig. 8d shows the influence of the cold salt temperature on the cost of 
the steam generator. Thermodynamic data for the steam generator 
calculation was gathered from EBSILON®. The effect of decreasing cost 
with increasing cold tank temperature is due to an increased pinch point 
and hence a smaller required heat transfer area. In this work, the factors 
CF1, CF6 and CF7 were optimized. These temperature dependent vari
ations were used cost optimization as described in 2.4. For this purpose, 
the cold salt temperature Tc was varied in order to minimize the 
CAPEXcomp.

Although a supercritical molten salt steam generator has not yet been 
build, a detailed cost estimation by Kelly et al. [62] showed a 10 % 
specific cost increase when switching from subcritical steam generation 
to supercritical steam generation (CF8 = 1.1).

The cost of the GHS was looked at with a bottom-up approach. It was 
based on correlations from literature shown in Table 2. The results can 
be seen in Fig. 9 where the additional costs per stored thermal energy is 
represented as a function of the design pressure of the gas system, 
showing a flat optimum at 35 barg and 0.13 €/kWhth for the two-tank 
system and a flat optimum at 70 barg and 0.04 €/kWhth for the single- 
tank system. The main cost driver with 53 % share is the pressure 

vessel itself. As the two-tank storage system has a greater gas volume 
that is exposed to recurring temperature changes, the greatest amount of 
inhalation and exhalation is observed in this system in comparison with 
the single-tank storage system. Consequently, the specific costs for the 
GHS are lower for the single-tank storage.

The CAPEX of retrofitting options MS-560 and MS-620 was calcu
lated using the values presented in the following Table 4. The additional 
cost factors for integration and project realization are summed up and 
then multiplied with the total component costs CAPEXcomp.

Evaluating all correction factors for the MS-620 option in compari
son to the MS-560 option results in a specific cost increase for the 
electric heater by 15 % from 100 €/kwel to 115 €/kwel. The steam 

Fig. 9. Specific cost of GHS for a two-tank and single-tank system as a function 
of its design pressure. Optimum design pressure and component cost share is 
displayed. The diagram also shows at the top the cost breakdown for the 
optimized 2T case.

Table 4 
Equipment and labour costs for CAPEX calculation of retrofitting options MS- 
560 and MS-620.

Equipment costs Unit Cost range 
from 
literature

Chosen 
value 
MS-560

Calculated 
value 
MS-620

Electric heater cEH €/kWel 80 [21,63] – 
140 [64]

100 [19] 115

Steam generator cSG €/kWth 28 [65] - 
120 [66]

46 [48] 51

Two-tank storage system 
c2T

€/kWhth 21 [48] 21*

Single-tank storage 
system c1T

€/kWhth No data 
available

– 19*

Additional cost factors for 
integration and project 
realization

Piping – 0.19 [42]
Electrical, 

instrumentation and 
control – 0.13 [42]

Structural steel and 
foundation – 0.16 [42]

Buildings and services – 0.26 [42]
Engineering – 0.23 [42]
Contingencies – 0.3 [42]

* including gas handling system.
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generator is estimated to be 10 % more expensive per transferred kWh, 
as stated above. Finally, the specific cost of molten salt storage is esti
mated to be the same for the MS-560 system and the MS-620 system This 
is because the increase in cost due to the greater wall thickness required 
is offset by the decrease in cost due to the higher energy density resulting 
from the higher temperature difference. Consequently, while the storage 
will become smaller, it requires a greater wall thickness. For the single- 
tank storage system the specific cost of 19 €/kWhth are slightly lower 
than for the two-tank storage system. The GHS makes up less than 1 % of 
the specific storage costs.

In contrast, estimating the total component costs gives a different 
picture. Fig. 10 shows the total component cost of a storage system for a 
100 MWel subcritical and supercritical power plant with 10 h charge and 
10 h discharge time. It is worthy of note that despite the specific cost 
increases associated with the MS-620 system, the total cost decreases. 
This is attributable to the enhanced power cycle efficiencies. The costs of 
the electric heater decrease by approximately 6 %, those of the steam 
generator by approximately 9 %, and the costs of the molten salt storage 
by approximately 17 % for a two-tank system and by 25 % for a single- 
tank system. Thus, in total, the costs of the components, excluding 
integration costs, can be reduced by 13 % for a two-tank system and by 
17 % for a single-tank system, respectively.

Table 5 lists the characteristic economical and technical values for 
molten salt storage and lithium-ion battery systems. The resulting en
ergy specific system costs relate to the costs of the overall system. For a 
100 MW, 10 h storage system it is in the range of 169 to 315 €/kwhel for 
a subcritical plant. For a supercritical plant with a two-tank or single- 
tank storage system, the energy specific cost varies between 153 and 
265 €/kwhel and145–252 €/kWhel, respectively. The min/max values 
are indicated as error bars in the figure. This range corresponds to an 
average reduction of 14 % for the MS-620(2T) and 18 % for the MS620 
(1T) system. In comparison, the cost of lithium-ion battery systems with 
10 h storage capacity and 2100 cycles lifetime per cell (4 cell re
placements assumed to obtain a lifetime comparable to molten salt 

storage) is in the range of 613 to 861 €/kwhel, which is a factor of three 
higher than the molten salt storage concepts [67] (see Fig. 11). The ramp 
rate of 50 %/min, achieved through preplanning and the assistance of an 
electric heater, indicates that the electric heater, in conjunction with a 
molten salt pump, requires approximately two minutes to reach full 
capacity when the system is preheated. This value could potentially be 
further optimized through the implementation of advanced control 
strategies, which aim to prevent overheating of the salt.

Fig. 10. Estimated average total component costs without integration costs 
(min/max values indicated as error-bars) for retrofitting a 100 MWel subcritical 
and supercritical power plant with a two-tank and single-tank molten salt 
storage system (10 h charging, 10 h discharging).

Table 5 
Comparison between large scale electricity storage options MS-560, MS-620 and 
lithium-ion-batteries.

Value Unit MS-560 MS-620 (2T/ 
1T)

Li-Ion [67]

Charge duration h 10 10 unknown
Discharge duration h 10 10 10
Discharge power MW 100 100 100
Capacity specific cost €/kW 1689–3149 1528–2652 / 

1451–2591
3010–4054

Energy specific cost €/kWh 169–315 153–265 / 
145–252

301–405

Cycle lifetime # n.a. n.a. 2100
Replacement cost after 

cycle lifetime
€/kWh n.a. n.a. 78–114

Fixed operating costs €/kW- 
yr

30* 30* 6.53 - 8.03

Variable operating 
costs

€/MWh 1.36** 1.36** 0.5125

System lifetime Years 30 30 10
Interest rate – 5% 5% 5%
Round Trip Efficiency – 31.2 % - 

40.4 %
39.3 % - 47.4 
%

88 %

Typical Ramp rate 1/min 5 % 5% >100%
Ramp rate with 

preplanning and 
electric heater 
assistance

1/min 50 % 50 % –

* Based on fixed operating costs for CSP (reduced by approximately 50 % 
heliostat field costs) [68].

** Based on variable operating costs for CSP (reduced by approximately 50 % 
heliostat field costs) [68].

Fig. 11. Estimated average energy specific costs (min/max values indicated as 
error-bars) of the retrofitting option MS-560 and MS-620 with a two-tank and a 
single-tank storage in comparison with grid-scale lithium-ion battery systems. 
Black dot represents the specific costs of the planed repurposing project in Chile 
[25]. Energy specific costs of the lithium-ion battery system is based on [67].
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3.3. Calculation of levelized cost of storage

The LCOS was calculated for the two retrofitting options MS-560 and 
MS-620(2T/1T) and for grid-scale lithium-ion battery systems, using the 
procedure described in 2.4 and the parameters described in Table 5. As 
the efficiency and the total CAPEX are given as a range, the LCOS is also 
only given as an approximate range. Fig. 12 illustrates the approximate 
LCOS of the retrofitting option MS-560 and MS-620(2T/1T) in com
parison with grid-scale lithium-ion battery systems as a function of the 
charging electricity price for three different numbers of cycles per year 
and an operational time of 30 years. The purple-shaded area represents 
the anticipated levelized cost of storage (LCOS) for the retrofitting of 
subcritical coal power plants (MS-560). The pink-shaded area represents 
the anticipated LCOS for the retrofitting of supercritical power plants 
(MS-620). Comparing those two solutions shows that LCOS is lowest for 
the MS-620. Especially for a high number of cycles per year, the overlap 
is between the two is small. The impact of higher efficiency levels on 
LCOS for the MS-620 option is most pronounced when higher charging 
electricity prices are considered. The Angamos Power Station Project in 
Chile, which is planned to have a 560 ◦C molten salt storage, is presented 
as a reference [25]. A comparison of the project costs with the cost es
timate reveals a sufficient degree of accuracy. The corresponding MS- 
560 cost estimation even yields slightly higher values for the LCOS. 
The grey shaded area indicates the region for the LCOS of lithium ion 
batteries. A comparison of the LCOS of the two options shows a clear 
advantage of thermal storage over lithium-ion batteries for low charging 
electricity prices. For 365 cycle per year lithium-ion batteries are more 
economical than thermal storage above approximately 50–100 €/MWh. 
For lower cycle numbers per year the intersection area where lithium- 
ion batteries are equally economical as thermal storage shifts to 
higher charging electricity costs. For one cycle every 4 days the option 
MS-620 appears to be most economical when charging electricity costs 
are below 125–200 €/MWh.

4. Discussion

The paper examines the potential for repurposing supercritical coal 
plants into flexible grid storage systems using adapted nitrate salt 
technology. Traditional molten salt TES systems are limited by a 
maximum operating temperature of 560 ◦C, restricting their use to 
subcritical steam power plants. Advanced steam power plants, however, 
require steam temperatures above 600 ◦C for optimal efficiency. This 
temperature gap can be addressed by using a closed gas system, pre
venting nitrate salt decomposition and enabling salt temperatures up to 

620 ◦C.
A techno-economic analysis optimized the GHS design and assessed 

efficiency improvements by elevating TES temperatures from 560 ◦C to 
620 ◦C. The study evaluated three repurposing options: MS-560, a 
subcritical power plant with state-of-the-art molten salt storage, and two 
MS-620 systems, supercritical power plants with advanced storage sys
tems operating at 620 ◦C, featuring either a two-tank (MS-620(2T)) or a 
single-tank (MS-620(1T)) storage with a GHS.

The analysis included correction factors for component costs to 
assess economic viability. Key components - electric heaters, storage 
tanks, gas systems, and steam generators - were examined, revealing 
potential overall cost savings despite specific cost increases. GHS costs 
were negligible compared to molten salt storage costs, at 0.6 % for the 
two-tank system and 0.2 % for the single-tank system.

For a reference plant with a 10-h capacity, energy-specific storage 
costs could be reduced by 14 % and 18 % for MS-620 two-tank and 
single-tank systems compared to the MS-560 system. Estimated round- 
trip storage efficiencies were up to 40.4 % for subcritical plants and 
47.4 % for supercritical plants equipped with molten salt storage.

A comparison of the LCOS for the two options MS-560 and MS-620 
with state-of-the-art lithium-ion battery energy storage systems in
dicates that the MS-620 system offers notable efficiency enhancements 
over the MS-560 system and both options offer potential cost savings 
over lithium-ion batteries. The findings of this study underscore the 
potential of repurposing supercritical coal plants with adapted nitrate 
salt technology as a viable solution for large-scale grid energy storage. 
The utilization of molten salt TES in conjunction with a GHS represents a 
potential means of overcoming temperature-related constraints. The 
proposed MS-620 system demonstrates significant efficiency gains, of
fering a promising alternative to traditional lithium-ion battery storage 
solutions. Through detailed techno-economic analysis, the paper high
lights the cost-effectiveness of the MS-620 system, indicating potential 
cost savings compared to conventional repurposing options. Moreover, 
the study reveals considerably lower levelized cost of storage (LCOS) of 
the MS560 and MS620 systems compared to lithium ion batteries when 
charging electricity costs are below 50 €/kWh.

5. Conclusion

This study investigates repurposing supercritical coal plants into 
flexible grid storage systems using adapted nitrate salt technology. 
Traditional molten salt TES systems are limited by a maximum operating 
temperature of 560 ◦C, restricting their use to subcritical plants. To 
achieve an optimal round-trip efficiency in supercritical plants, 

Fig. 12. Approximate LCOS of the retrofitting option MS-560 and MS-620(2T/1T) in comparison with grid-scale lithium-ion battery systems for different numbers of 
cycles per year (a: one cycle every four days; b: one cycle every two days; c: one cycle every day).
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temperatures above 600 ◦C are necessary. This can be addressed by 
using a closed gas system, enabling salt temperatures up to 620 ◦C 
without decomposition.

A techno-economic analysis was conducted, comparing three 
repurposing options: MS-560 (subcritical), MS-620(2T) (supercritical 
with two tanks), and MS-620(1T) (supercritical with one tank). Results 
indicate significant efficiency improvements and cost savings with the 
MS-620 systems. Energy-specific storage costs could be reduced by 14 % 
and 18 % for the two-tank and single-tank systems, respectively, 
compared to the MS-560 system. Round-trip efficiencies were estimated 
up to 40.4 % for subcritical plants and 47.4 % for supercritical plants.

The study further demonstrates that the MS-620 system offers a 
promising alternative to lithium-ion batteries for large-scale energy 
storage. Especially for low charging electricity prices molten salt storage 
can be more cost effective than batteries. The research supports the 
viability of repurposing supercritical coal plants, contributing to the 
sustainable and efficient integration of renewable energy into existing 
infrastructure.
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[37] Steinbrecher J, Bonk A, Sötz VA, Bauer T. Investigation of regeneration 
mechanisms of aged solar salt. Materials (Basel) 2021:14.

[38] Bonk A. Thermal energy storage using solar salt at 620 ◦C. In: How a reactive gas 
atmosphere mitigates corrosion of structural materials. SolarPACES conference. 
Albuquerque: German Aerospace Center; 2022.

[39] Bonk A, Ding W, Hanke A, Braun M, Müller J, Klein S, et al. Effect of gas 
management on corrosion resistance in molten solar salt up to 620 ◦C: corrosion of 
SS316-types and SS347. Corros Sci 2024;227:111700.

[40] Kunkel S, Seeliger F, Hanke A, Bauer T, Bonk A. Demonstration of the stabilization 
of solar salt at 620 C with a semi-closed configuration in a 100 kg-scale. Heliyon 
2023;9:e22363.

[41] Institute AP. API 650 - Welded Tanks for Oil Storage. Thirteenth ed. 2020.
[42] Perry’s Chemical Engineers’ Handbook. 9th Edition ed. New York: McGraw-Hill 

Education; 2019.
[43] Odenthal C, Klasing F, Bauer T. Investigation of the thermocline degradation in a 

molten salt storage tank. Albuquerque: SolarPACES conference 2022; 2022.
[44] Otto H, Naumann C, Odenthal C, Cierpka C. Unsteady inherent convective mixing 

in thermal-energy-storage systems during standby periods. PRX Energy 2023;2: 
043001.

[45] Flueckiger SM, Garimella SV. Second-law analysis of molten-salt thermal energy 
storage in thermoclines. Sol Energy 2012;86:1621–31.

[46] Hoffmann JF, Fasquelle T, Goetz V, Py X. A thermocline thermal energy storage 
system with filler materials for concentrated solar power plants: experimental data 
and numerical model sensitivity to different experimental tank scales. Appl Therm 
Eng 2016;100:753–61.

F. Klasing et al.                                                                                                                                                                                                                                  Applied Energy 377 (2025) 124524 

12 

http://refhub.elsevier.com/S0306-2619(24)01907-X/rf0005
http://refhub.elsevier.com/S0306-2619(24)01907-X/rf0005
http://refhub.elsevier.com/S0306-2619(24)01907-X/rf0010
http://refhub.elsevier.com/S0306-2619(24)01907-X/rf0015
http://refhub.elsevier.com/S0306-2619(24)01907-X/rf0015
http://refhub.elsevier.com/S0306-2619(24)01907-X/rf0020
http://refhub.elsevier.com/S0306-2619(24)01907-X/rf0020
http://refhub.elsevier.com/S0306-2619(24)01907-X/rf0025
http://refhub.elsevier.com/S0306-2619(24)01907-X/rf0025
http://refhub.elsevier.com/S0306-2619(24)01907-X/rf0030
http://refhub.elsevier.com/S0306-2619(24)01907-X/rf0030
http://refhub.elsevier.com/S0306-2619(24)01907-X/rf0035
http://refhub.elsevier.com/S0306-2619(24)01907-X/rf0035
http://refhub.elsevier.com/S0306-2619(24)01907-X/rf0035
http://refhub.elsevier.com/S0306-2619(24)01907-X/rf0040
http://refhub.elsevier.com/S0306-2619(24)01907-X/rf0040
http://refhub.elsevier.com/S0306-2619(24)01907-X/rf0045
http://refhub.elsevier.com/S0306-2619(24)01907-X/rf0045
http://refhub.elsevier.com/S0306-2619(24)01907-X/rf0045
http://refhub.elsevier.com/S0306-2619(24)01907-X/rf0050
http://refhub.elsevier.com/S0306-2619(24)01907-X/rf0050
http://refhub.elsevier.com/S0306-2619(24)01907-X/rf0055
http://refhub.elsevier.com/S0306-2619(24)01907-X/rf0055
http://refhub.elsevier.com/S0306-2619(24)01907-X/rf0055
http://refhub.elsevier.com/S0306-2619(24)01907-X/rf0060
http://refhub.elsevier.com/S0306-2619(24)01907-X/rf0060
http://refhub.elsevier.com/S0306-2619(24)01907-X/rf0060
http://refhub.elsevier.com/S0306-2619(24)01907-X/rf0065
http://refhub.elsevier.com/S0306-2619(24)01907-X/rf0065
http://refhub.elsevier.com/S0306-2619(24)01907-X/rf0065
http://refhub.elsevier.com/S0306-2619(24)01907-X/rf0070
http://refhub.elsevier.com/S0306-2619(24)01907-X/rf0070
http://refhub.elsevier.com/S0306-2619(24)01907-X/rf0070
http://refhub.elsevier.com/S0306-2619(24)01907-X/rf0075
http://refhub.elsevier.com/S0306-2619(24)01907-X/rf0075
http://refhub.elsevier.com/S0306-2619(24)01907-X/rf0080
http://refhub.elsevier.com/S0306-2619(24)01907-X/rf0080
http://refhub.elsevier.com/S0306-2619(24)01907-X/rf0080
http://refhub.elsevier.com/S0306-2619(24)01907-X/rf0085
http://refhub.elsevier.com/S0306-2619(24)01907-X/rf0085
http://refhub.elsevier.com/S0306-2619(24)01907-X/rf0085
http://refhub.elsevier.com/S0306-2619(24)01907-X/rf0090
http://refhub.elsevier.com/S0306-2619(24)01907-X/rf0090
http://refhub.elsevier.com/S0306-2619(24)01907-X/rf0090
http://refhub.elsevier.com/S0306-2619(24)01907-X/rf0095
http://refhub.elsevier.com/S0306-2619(24)01907-X/rf0095
http://refhub.elsevier.com/S0306-2619(24)01907-X/rf0100
http://refhub.elsevier.com/S0306-2619(24)01907-X/rf0100
http://refhub.elsevier.com/S0306-2619(24)01907-X/rf0105
http://refhub.elsevier.com/S0306-2619(24)01907-X/rf0105
http://refhub.elsevier.com/S0306-2619(24)01907-X/rf0105
http://refhub.elsevier.com/S0306-2619(24)01907-X/rf0110
http://refhub.elsevier.com/S0306-2619(24)01907-X/rf0110
http://refhub.elsevier.com/S0306-2619(24)01907-X/rf0110
http://refhub.elsevier.com/S0306-2619(24)01907-X/rf0115
http://refhub.elsevier.com/S0306-2619(24)01907-X/rf0115
http://refhub.elsevier.com/S0306-2619(24)01907-X/rf0115
http://refhub.elsevier.com/S0306-2619(24)01907-X/rf0120
http://refhub.elsevier.com/S0306-2619(24)01907-X/rf0120
http://refhub.elsevier.com/S0306-2619(24)01907-X/rf0120
http://refhub.elsevier.com/S0306-2619(24)01907-X/rf0120
http://www.energy-storage.news
http://refhub.elsevier.com/S0306-2619(24)01907-X/rf0130
http://refhub.elsevier.com/S0306-2619(24)01907-X/rf0130
http://refhub.elsevier.com/S0306-2619(24)01907-X/rf0130
http://refhub.elsevier.com/S0306-2619(24)01907-X/rf0135
http://refhub.elsevier.com/S0306-2619(24)01907-X/rf0135
http://refhub.elsevier.com/S0306-2619(24)01907-X/rf0140
http://refhub.elsevier.com/S0306-2619(24)01907-X/rf0140
http://refhub.elsevier.com/S0306-2619(24)01907-X/rf0140
http://refhub.elsevier.com/S0306-2619(24)01907-X/rf0145
http://refhub.elsevier.com/S0306-2619(24)01907-X/rf0145
http://refhub.elsevier.com/S0306-2619(24)01907-X/rf0150
http://refhub.elsevier.com/S0306-2619(24)01907-X/rf0150
http://refhub.elsevier.com/S0306-2619(24)01907-X/rf0155
http://refhub.elsevier.com/S0306-2619(24)01907-X/rf0155
http://refhub.elsevier.com/S0306-2619(24)01907-X/rf0160
http://refhub.elsevier.com/S0306-2619(24)01907-X/rf0160
http://refhub.elsevier.com/S0306-2619(24)01907-X/rf0160
http://refhub.elsevier.com/S0306-2619(24)01907-X/rf0165
http://refhub.elsevier.com/S0306-2619(24)01907-X/rf0165
http://refhub.elsevier.com/S0306-2619(24)01907-X/rf0170
http://refhub.elsevier.com/S0306-2619(24)01907-X/rf0170
http://refhub.elsevier.com/S0306-2619(24)01907-X/rf0175
http://refhub.elsevier.com/S0306-2619(24)01907-X/rf0175
http://refhub.elsevier.com/S0306-2619(24)01907-X/rf0175
http://refhub.elsevier.com/S0306-2619(24)01907-X/rf0180
http://refhub.elsevier.com/S0306-2619(24)01907-X/rf0180
http://refhub.elsevier.com/S0306-2619(24)01907-X/rf0180
http://refhub.elsevier.com/S0306-2619(24)01907-X/rf0185
http://refhub.elsevier.com/S0306-2619(24)01907-X/rf0185
http://refhub.elsevier.com/S0306-2619(24)01907-X/rf0190
http://refhub.elsevier.com/S0306-2619(24)01907-X/rf0190
http://refhub.elsevier.com/S0306-2619(24)01907-X/rf0190
http://refhub.elsevier.com/S0306-2619(24)01907-X/rf0195
http://refhub.elsevier.com/S0306-2619(24)01907-X/rf0195
http://refhub.elsevier.com/S0306-2619(24)01907-X/rf0195
http://refhub.elsevier.com/S0306-2619(24)01907-X/rf0200
http://refhub.elsevier.com/S0306-2619(24)01907-X/rf0200
http://refhub.elsevier.com/S0306-2619(24)01907-X/rf0200
http://refhub.elsevier.com/S0306-2619(24)01907-X/rf0205
http://refhub.elsevier.com/S0306-2619(24)01907-X/rf0210
http://refhub.elsevier.com/S0306-2619(24)01907-X/rf0210
http://refhub.elsevier.com/S0306-2619(24)01907-X/rf0215
http://refhub.elsevier.com/S0306-2619(24)01907-X/rf0215
http://refhub.elsevier.com/S0306-2619(24)01907-X/rf0220
http://refhub.elsevier.com/S0306-2619(24)01907-X/rf0220
http://refhub.elsevier.com/S0306-2619(24)01907-X/rf0220
http://refhub.elsevier.com/S0306-2619(24)01907-X/rf0225
http://refhub.elsevier.com/S0306-2619(24)01907-X/rf0225
http://refhub.elsevier.com/S0306-2619(24)01907-X/rf0230
http://refhub.elsevier.com/S0306-2619(24)01907-X/rf0230
http://refhub.elsevier.com/S0306-2619(24)01907-X/rf0230
http://refhub.elsevier.com/S0306-2619(24)01907-X/rf0230


[47] Odenthal C, Klasing F, Bauer T. Parametric study of the thermocline filler concept 
based on exergy. J Energy Storage 2018;17:56–62.

[48] Dersch J, Paucar J, Polkas T, Schweitzer A, Stryk A. Blueprint for Molten Salt CSP 
Power Plant Final report of the project “CSP-Reference Power Plant” No. 0324253. 
2021.

[49] Glatzmaier G. Developing a Cost Model and Methodology to Estimate Capital Costs 
for Thermal Energy Storage. Golden, CO (United States): National Renewable 
Energy Lab. (NREL); 2011. Medium: ED; Size: 1. MB.

[50] IEA. Fossil fuel-fired power generation. Paris: International Energy Agency; 2007.
[51] AD2000.. AD 2000-Regelwerk: Taschenbuch - Ausgabe 2020. Beuth Verlag GmbH; 

2020.
[52] Peters MS, Timmerhaus KD, West RE. Plant design and economics for chemical 

Engineers. McGraw-Hill Education; 2003.
[53] Loh HP, Lyons J, White CW. Process Equipment Cost Estimation, Final Report. 

Morgantown, WV (United States): National Energy Technology Lab. (NETL); 2002. 
p. 78. Medium: ED; Size.

[54] Profaiser A, Saw W, Nathan GJ, Ingenhoven P. Bottom-up estimates of the cost of 
supplying high-temperature industrial process heat from intermittent renewable 
electricity and thermal energy storage in Australia. Processes 2022;10:1070.

[55] Energiewende Agora. Flexibility in thermal power plants – With a focus on existing 
coal-fired power plants. 2017.

[56] Jülch V. Comparison of electricity storage options using levelized cost of storage 
(LCOS) method. Appl Energy 2016;183:1594–606.

[57] DIN. Water tube boilers and auxiliary installations - part 15: Acceptance tests. DIN 
EN 12952-15. Berlin: Beuth-Verlag; 2004.

[58] e.V. DDIfN. EN 10028–7 - Flat products made of steels for pressure purposes - 
German version. Part 7: Stainless steels. 2016.

[59] Robertson Holdsworth. ECCC data sheets. European Creep Collaborative 
Committee; 2005.
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