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Abstract— Thermal energy storage systems can store heat or cold to be used under various conditions
such as temperature, place or power. The main use of thermal energy storage systems is to overcome the
mismatch between the generation and usage. Large-scale thermal energy storage is widely used today. It
has become a commercially used technology in solar power plants. In a concentrated solar power system
(CSP), there is always the availability of huge thermal energy to be stored. A solar power tower system,
which is a type of concentrating solar power (CSP), is simulated with the SAM (System Advisor Model) in
this work. Along with it, an in-house custom model is developed that is coupled with the System Advisor
Model (SAM) including thermal energy storage through a rigorous simulation. In this work, two types of
thermal energy storages for the CSP plants are simulated. The first type is the classic two-tank storage
system, which is a sensible heat storage system with molten salt. The second type used in this work is
latent heat storage. Since there is no commercial availability of a latent heat storage system yet for a CSP
tower system, their cost is predominantly assumed here from published literature sources. From this
model, a large data set of economical insights is generated such as installed costs, equipment costs,
capacity factor net capital costs of the plant, net cost of the two-tank storage unit and the latent heat
storage unit. The results from such a technical and economical evaluation guide decision makers towards
meaningful investments in innovative technologies.
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I. INTRODUCTION

Concentrating solar thermal power, more commonly referred to as CSP, is unique among renewable energy
generators because even though it is variable, like solar photovoltaic and wind, it can easily be coupled with
thermal energy storage (TES) as well as conventional fuels [1]. This is one of the main reasons to show how a
CSP is a better option to design thermal energy storage system for a beginner. Energy storage reduces the
necessity of extra equipment during peak times by energy storage during off peak times [2]. This is one of the
reasons why thermal energy storage is advantageous. Moreover, it gives a flexibility to dispatch the power
produced by helping us to store it. Predominantly, CSP is coupled with a sensible or a latent heat thermal
energy storage system. A sensible storage involves heating materials without causing a phase change in it while
latent heat storage causes a phase change of the material while heating or cooling. The amount of energy stored
in the sensible storage depends on the specific heat, the temperature change and the amount of material. It is
represented through the following equation.
Ty
Q= mC,dT = mCqp,(Ty — T;)
T;

As storing the latent heat alone in a material is impossible, the material has to undergo a sensible heating to
reach the point where the phase change occurs. Hence, the latent heat storage could be represented by the
following equation.

T Tr

Q= mC,dT + mapyAh,, + mC,dT
T; Tm
Q = m[Csp (Tm - Ti) + amAhm + Clp (Tf - Tm)]

In the above equation, the first term represents the sensible heat stored by the material where the temperature
increases from its initial temperature to its phase change temperature. The second term represents the energy
stored by the material during its phase change. If the material is further heated, the third term comes in to
picture, which is again sensible heat storage [3].
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Il. SIMULATION AND CREATING A MODEL TO INCORPORATE THERMAL ENERGY STORAGE IN CSP

As stated in [4], addition of thermal energy storage would increase the cost of the CSP, while there is an
advantage of increased capacity factor of the plant. An in-house model coupled with SAM (System Advisor
Model) is created in the previous work of us [5] to calculate the turbine output, total capital costs and total
installations costs for various cases of thermal energy storage. A rigorous simulation that can generate a vast set
of relevant data is the first step towards analysis and later optimization.
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Figure 1 Steps involved in the building of the model

Initially, a huge set of base cases are generated which is compiled in the work of [5]. Out of which the best
case in terms of the least capital cost is chosen for a parametric simulation. The results of the parametric
simulation are fed in to the in-house model, which is then used in estimating the two-tank storage and latent heat
storage systems coupled with the CSP (Figure 1). Since, the results are an interlinked function of more than two
parameters, in most cases three, a Scilab code is written to represent the data in the form of a surface. The
building up of surface plots and the inter-relationships of the parameters are done to build a platform for the
development of determining a way through optimization in the upcoming work.

111.RESULTS AND DISCUSSION

As per [4], the investment cost for the solar power tower plants without a storage system falls in-between 4.5 -
7.15 $/kW. Addition of a thermal energy storage system effectively increases the investment cost, which is
evidently depicted in the Figure 2. The lower limit of 4.5 $/kW is the red surface at the bottom and the light blue
surface of 7.15 $/kW is above it. In addition, the top layer in thick blue represents the net capital cost with
thermal energy storage. This layer peaks the net capital cost (Z axis) when the thermal energystorage hours
reaches the maximum of 10 hours (Y-axis).

The lower limit and upper limit surfaces have no thermal energy storage system, but they are plotted as a
surface simply to compare them with the surface (in blue at the top) of thermal energy storage system.

When this is compared with the graph of capacity factor in Figure 4, the capacity factor obviously peaks as the
thermal energy storage hours increases (Y-axis). However, it is also to be observed that the peak capacity factor
is not formed at the maximum turbine output (X-axis). Hence, this opens up a possibility of optimizing between
the capacity factor and turbine output, which would invariably affect the net capital cost per watt.

In a similar way, a three dimensional plot has been formed with the three parameters of turbine output, thermal
energy storage hours and total installed costs (Figure 3). The surface in the red denotes the thermal energy
storage with a two-tank system while the blue surface denotes the thermal energy storage system that can store
as latent heat.
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Figure 2 the above figure is a three dimensional relationship between the parameters of the following: X-axis = multiples of turbine output
(X20 MWe); Y-axis = Load hours of thermal energy storage (hours); Z-axis = Net capital cost per watt ($/W). The red surface denotes lower
limit of the net capital cost per watt without storage. The light blue surface denotes upper limit of the net capital cost per watt without
storage. The blue surface at the top represents the net capital cost with two-tank storage system.
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Figure 3 the above figure is a three dimensional relationship between the parameters of the following: X-axis = multiples of turbine output
(X20 MWe); Y-axis = Load hours of thermal energy storage (hours); Z-axis = Contribution of energy storage costs in the total installed
costs ($). The red surface denotes the thermal energy storage in Two-tank system. The blue surface denotes the latent heat thermal energy
storage.

Figure 4 the above figure is a three dimensional relationship between the parameters of the following: X-axis = multiples of turbine output
(X20 MWe); Y -axis = Load hours of thermal energy storage (hours); Z-axis = Capacity factor
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Both the surfaces start together in Error! Reference source not found.. They both peak the contribution of
energy storage in total installed costs (Z-axis) when the load hours of the thermal energy storage (Y-axis) is
maximum. On the other hand, the surface is twisted in many ways before reaching the maximum value in Z-axis,
which opens the door to optimization depending on the requirements for running the process. One of the
inferences from this surface plots is, that the latent heat storage systems are relatively cheaper in their
contribution to the total installed cost compared to the two-tank systems. While developing the in-house model
for this, the cost evaluation data published in [6] is used as a basis.

IVV.CONCLUSION

The in-house model developed is a product of interlinked functions of several parameters, which could be
plotted as a surface. These interlinked functions are developed through the generation of huge data sets. These
data sets in-turn form the platform in choosing the optimized version of running a CSP process with or without
thermal energy storage system. While comparing the two-tank storage system with latent heat storage system, a
latent heat storage could save the installation costs relatively. This is also substantiated by [7], which states that
the two-tank system is the state of the art in this application area. While this offers a low technical risk, the
potential for cost reduction is also low in this. Innovative storage concepts are required to bring down the costs
of the two-tank storage systems, which could be a low cost solid storage media. The application of phase change
materials is an attractive solution here. The reason for it being the reduced cost of a latent heat storage system
and the less space required by it for the construction in comparison with a sensible heat storage system.
However, the economical insights of how effectively a latent heat storage system with phase change materials
would work on its integration are to be taken in to account. In that sense, the surface plots show the order in
which the cost of latent heat storage may differ in its contribution to the total installed costs compared to the
two-tank storage systems. It also concludes that a latent heat storage system could be economical compared to
the existing sensible heat storage systems.
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