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ABSTRACT

Energy demand is rapidly growing on a global scale. Population growth, electrification,
and the advent of artificial intelligence and other kiglver computing functions are among the
biggest drivers of this increasing demand. The design and implemerdhtigiable,
modernized power systems such as modular, networked microgrids is essential to meet this
growing demand. Thermal energy resources such as parabolic trough concentrated solar power
(CSP) are commonly used in microgrids to support thermal pdgraands, but CSP power
production is intermittent. Implementing thermal energy storage to modulate the power output of
thermal energy systems can manage intermittd?meer system planningoweverjnvolves
uncertaintyaroundthe quantitativeimpact thajpower resource investmergsch as concentrated
solar power (CSP) and thermal energy stosaidjehave on the reliability and resilience af
microgrid Conventional latent thermal energy storage technologies have shortcomings, such as
migration of themelting front over time. This introduces additional conductive resistance during
the charge cycle that negatively impacts heat flux into the energy storage phase change material
(PCM). A new conceptual technology called dynamic phase change material€kdignrave
been developed to address this shortcoming by applying mass orlpasteh pressure to the
solid state of the energy storage P&Meep close contact betwetre heated boundagnd the
solid portion of the PCNs it meltsThis technology theetically improves the performance of
thermal energy storagé&his studyintroduces a computational model tieatculates metrics for
the expected performanoéparabolic trough Concentrated Solar Power (G§Bjems with
conventionalatent thermal energy storage verdyaPCM thermal energy storagéhe model

includes acontrol systento modulatetheC S P s y powes ouipuisand matcha power



demand profile as closely as possibldis study shows that, whilatent thermal energy storage
enables thexampleCSP system to achieve a power availability of 68.8#PCM thermal

energy storage enables the CSP system to achieve a higher power availability than latent thermal
energy storage as high as 79.5% he study also involves a parametric analysis of the factors
which influence the power availability of the systérhis model is built for incorporation into a
larger computational modeihich wetermAnalysis of Microgrid Performance, Reliability, and
Resilience (AMPeRRe) to evaluate the performance impacts of incorporating CSP systems and
thermal energy storage liargermicrogrids The stanehlone model and AMPeRRe will produce
actionable analytics fatecisioamakers to inform their investment decisions around

implementing CSP and thermal energy stoliagariedapplicationsThe results shown here can
enable a better understanding of thermal energy sto@gaed intermittent energy resousce

that can meet the energy security needs of a growing world.
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CHAPTER 1: INTRODUCTION

Rapidly growing energy demand has created a critical need to expand energy
infrastructure that supports various industries and residential communities. Several power
resources have been developed that can serve as solutions to this growing energy dantand, w
are integrated into power systems from srsallle microgrids to largscale utilities. Power
systems must be designed with power resources and distribution tailored to the application, the
location, and the conditions that the power system will ldeurConventional resources such as
generators, nuclear, and cakiven power plants may be incorporated as well as renewable
resources such as solar, wind, and geothermal to address the power demand problem.
Intermittent renewable power resources, sicRY solar and concentrated solar power (CSP),
are dependent on the changing availability of natural resources. This presents a challenge when
these intermittent resources are statahe, as their power output cannot be matched to power
demand from the @tomer. In utilityconnected systems, photovoltaic (PV) solar and CSP
systems often create a phenomenon called the duck curve. Solar power production offsets power
demand on the utility. When solar production peaks during the day, the demand on the utility
experiences a sharp decline that creates challenges for utility power management and negatively
impacts power stability. To address this and the challenge of intermittence, energy storage is
often integrated with solar power systems to modulate theirmpowput by capturing surplus
energy and discharging energy during periods of shortage.

Multiple types of energy storage exist that can be chosen to support these systems
depending on the resources that need support and the power system applicatiorn:idithium

battery energy storage is the most common due to advantages such as its hygtiezrsetsgand



a long life cycle. Lithium is becoming scarcer, however, and {acgée lithiumion batteries can
be expensive. Other forms of electrochemical energy storage such as-sndamd solidstate
batteries present opportunities to overcome this. Stditbsodiunmion batteries do not achieve
energy density as high as lithidom batteries, but they have abundant sources of raw materials
and high safetySi, 2025) These batteries can be used in fixed power systems given no
significant size constraints. Kinetic energy storage such as flywheel energy storage systems can
be incorporated as well. Flywheels are valued for their rapid response, high power output, and
frequency regulatioilwayemi, 2025) They generally require more maintenance, however, due
to mechanical components. Each of these energy storage systems often support intermittent
power resources, but are primarily used for-tttermal power systems.

Thermal energy storage systems are commonly used ibased energy technologies
that convert captured thermal energy to elegyricuch a<CSP, geothermal, and nucleai/hile
thermal energy storage systems are not yet as efficient as battery energy storage, they are optimal
in renewable thermal energy technologies to negate the need for additional energy conversion
between thermal and electf{8harma, A Comprehensive Review of Sensible Heat Thermal
Energy Storage for High Temperature Applications, 202b¢ efficiency of a thermal energy
storage system depends on the thermal conductivity of the materials involved, so selecting a
material with high thermal conductivity is essential to achieving a thermal energy storage
efficiency comparable to that ofeetrochemical energy storage such as lithiam Melt front
propagation can also reduce the efficiency of latent thermal energy storage systems as time
progresses during a charge cycle. A vagsigned thermal energy storage system can overcome
efficiencychallenges, and certain materials can create atmisystem with a high life cycle.

These thermal energy storage systems can capture excess heat energy and discharge to



supplement produced heat energy. Given the right control system, thermal energy storage

systens can modulate the power output of the power resources they support.

1.1: PARABOLIC TROUGH CONCENTRATED SOLAR POWER (CSP)

Parabolic trougltoncentrated solar power (CSy$temsuse thermato-electric power
conversion to provide power to customé&SP systems are sized differently for different
applications. Some are utiligcale, whileothersingledish (525 kW per dish) and parabolic
trough systems are smaller scale to be incorporated in micrgijliys, 2012) These systems
consist of parabolic trougteflectorsthat concentrate solar radiation onteaeiver which heats

a working fluid within thereceiver Figurel visualizesa crosssection ofthis aperturgOshilalu,

2015)
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Figure 1. Parabolic Trough Aperture and Receiver

The working fluid in theeceivertravels to thermal energy storaget@a heat exchanger.
Thermal energy storage within CSP systems can be sensible, which uses liquid or solid materials
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to store thermal energy without changing phase, or latent, which uses materials that change phase
when storing or releasing thermal ene(@gasa, 2022)In the heat exchanger, the working fluid

creates a heated boundary that transfers thermal energy to a second masgeady wateii to

create steam. The steam powers a turbine wsteam generatao bring power to customers
(Sivalingam, 2024)The simplified operation of a CSP system can be described by the following
stages. Figur@ visualizes each of these stages using a diagram of a parabolic trough CSP system

with thermal energy storage.

1. A working fluid passes through theceiver and the parabolic trough reflector
concentrates solar energy onto tbeeiverto heat the working fluid.

2. The working fluid, at its highest temperature, flows to a junction where some fluid is
routed to the thermal energy stord@&S)system and some to the heat exchanger.

3. Thermal energy storage charges from the working fluid or discharges thermal energy into
the working fluid, depending on current state and power demand.

4. The working fluid reconverges into the same channel and travels to the heat exchanger.

5. The working fluid moves through the exchanger and acts as a heated boundary to produce
steam.

6. The steam travels to a turbine connected to a Stirling engine or Brayton Cycle engine to
produce power.

7. Some power is routed to external battery energy storage when the CSP power output is in
surplus of the power demand.

8. Power from the CSP system is routed to fulfill the power demand, paired with power

from the external battery when the CSP sys
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Figure 2: Stages of Operation of a CSP System with Thermal Energy Storage

The energy transitions that occur within this system are:

Solarir adi ati on Y Ther mal energy Y Stored.ther ma
The power output of a parabolic trough CSP system is dependent on the concentrated

solar power collected in threceiverand the dynamics of any thermal energy storage included in

the system. Theate ofsolar power colleabn in thereceivens dependent on the size of the

receiverrelative to the size of the parabolic trough mirrors. The working fluid material, the size

of the thermal energy storage system, the material used for thermal energy storage, and the area

of the heat transfer surfaeachhave a impact on power output as well. Under specific

conditions, the flow of the working fluid through the thermal energy storage system can be

modulated to make the CSP system power output align withotiverdemand.



1.2: THERMAL ENERGY STORAGE IN CSP SYSTEMS

Sensible thermal energy storage refers to the storage of thermal energy in a material that
does not change phase. Latent thermal energy storage refers to the storage of thermal energy in a
material that changes phase during its operd@asa, 2022)These materials have a melting
point that the temperature inside the thermal storage tank is expected to surpass, allowing for the
storage of ther mal energy in a different (mos
specific heat, density, andthea| conducti vity are dependent on
to liquid phasecanachievea more effectivecharge cycle to support parabolic trough CSP
systems and other therradsed energy resources

For certain parabolic trough CSP systems, the objective of incorporating thermal energy
storage is to modulate the systemds power out
closely as possible. This can maximize the power availability of a-stand CSP system. Both
sensible and latenthérmal energy storagmn beused toachieve thigegulaton. Alternatively,
given sufficient external battery energy storage, the objective may be to maximize the power
output of the CSP system. This can be agdeoy maximizing the efficiency of the thermal
energy storage charge cycle through maximizing heat flux into the PCM. Several innovations in
thermal energy storage technologies aim to achieve this objective and address PCM challenges,
such as optimizinghe geometry of thermal energy storage systems to maximize the area of heat
transfer and selecting PCMs for evaluated thermal energy storage systems that maximize energy
density and charge state efficiency. One example of geometry optimization is ansetr afibes

within shellandtube thermal energy storage systems that have been designed with fins to



maximize heat transfer area between the working fluid and the (R@icic, 2024) Another
method to address PCM challenges and maximize heat flux is to design a thermal energy storage
system that allows for close contact melting. This refers to a system with sufficient channels for
the melted material to travel away from the heatathbary so that gravity keeps the sepidase
material in close contact with the heated boundary. The best PCMs selected for thermal energy
storage are commonly those with high specific heat capacity, thermal conductivity, and a melting
point conducive to mximizing latent heat transfer, such as paraffin wax, salt hydrates, and
molten salt§Mehta P. e., 2025)

Geometry design, close contact melting, and material selection can improve the
efficiency of the charge cycle to increase the overall power output of the CSP system, but this
study explores a newer conceptual method to maxitheeficiencyof latent thermal energy
storageand the power output of the CSP system it supports. A new concept has been introduced
in whichadynamicme c hani sm applies pressur estatephasan ener
change material (DynPCMjuring the charge cyclgu, 2022) The portion of the solid material
against the boundary melts during this charge cycle, and the liquid is displaced as the dynamic
pressure keeps the solid edge on the boundary. DynPCMs theoretically minimize the liquid
boundary layer between the heatadace and the solidtate PCM in the storage tankidaver
conductive thermal resistanda¢creasdheheatflux into the PCM, and capture more energy
Equation 1 calculates the heat flux into thermal energy storage during its charge phase for which
DynPQM pressure is applied to the solid state PEM, 2022) The charge phase occurs when
the working fluid temperature exceeds the temperature of the PCM. When the temperature of the
PCM exceeds that of the working fluid, the energy storage system is in the discharge phase, and

the heat flux formula reverts todltonventional heat transfer model (Equation 2).



Equation 1: Heat Flux into PCMDynPCM
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Equation2: Total Heat Transfer Rate ahtbat Flux intoPCMT Non-DynPCM
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The thickness of the liquid layer between the sstate PCM and the heated boundary
directly impacts the heat flux into the PCM and the efficiency of the charge cycle. Equation 3
determines the thickness of this liquid layer, 2022)using the principles of Stefan adhesion, or
squeeze flow. The higher the pressure applied to thestalid PCM, the smaller the liquid layer
thickness and the higher the efficiency of the charge cycle.

Equation 3: Liquid Layer Thickne$sSquare Heat Transfer Surface
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Equation 4 calculates the melting speed of the F&TiM2022) which depends on the
heat flux into the system and PCM thermophysical properties. Calculating the melting speed is
important to determine the proportion of sediite material remaining and ligesthte material
present in a timbdased model. The PCM#&a f i ni te material, so this i
solid-state is fully depleted. When the sefithte material is fully depleted and only the liquid
state remains, any further heat transfer into the PCM becomes sensible.
Equation 4:, Melting Speed

n
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The higher the pressure applied to the sslate material in a DynPCM thermal energy
storage system, the higher the melting speed and the tloevequid boundary layer thickness.
Thistheoreticallyresuls in higherheat flux angower productiorof the CSP systemnder the
same input conditions and system parameters.

The impact of incorporating DynPCMs in thermal energy storage systems for real
scenarios has not yet been studied. This work has developed and applied a computational model
to evaluate the expected outcomes of DynPCM incorporation. The model also cgitrifie
comparative expected outcomes of incorporating different typssnsible, latent, and
DynPCMsupported thermal energy storage in parabolic trough CSP systems. Thermal energy
storage systems are frequently applied to other energy technologie$ @sidelfrom
concentrated solar power), so this calculation process can expand in scope. Calculated outcomes
will factor into the optimization capabilitiesf an existing digital analysis tool termed Analysis
of Microgrid Performance, Reliability, and Resilience (AMPeRRd)nd the system
configuratiors needed to minimize losses associated ajtplying thermal energy storage to

energy technologies



CHAPTER 2: COMPUTATIONAL MODEL PARAMETERS

Thecomputationamodel presented in this paper calculates the power output and power
availability of parabolic trough concentrated solar power systeatincorporatehermal energy
storagelncorporating gnamic phase change materials (dynPCidhermal energy storage
can maximizeheat flux into the storage systeémmake the charge cycle more efficient
comparedo storage systems with conventional phase change materials (REIM&D22) This
model shows that, when implemented propeatiynPCMsin thermal energy storage within
Concentrated Solar Power (CSP) systearsmprove the poweavailability of CSP
technologiesThis model assumes thisie thermal energy storage discharges thermal energy to
the working fluid during low solar irradiance for which the power output of the system would be
insufficient for the power demanHigh solar irradiance causdwtrmal energy storage
experience a charge cyaee to high working fluid tempatures which would cause power
output in surplusf the power demand if some energy is not transferred to the thermal energy
storage system. This is possible by modulating the proportion of the working fluid flow through
two channels, one with the thermal energy storage system and one without. Whed thett
two channels reconverges, the temperature of the fluids combines, and the working fluid reaches
a heat exchanger to transfer its energy to steam. This flow modulation achieves a reconverged
worki ng fluid temperature that enables the sol a
demand at every timestep as closely as possible. The mathematical model of this system is
developed into a program for which it can be easily repeated for differentgiaranThis

allows for quick, direct modeling and comparison between different systems in terms of
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performance and power availability. Analysis results from this model can aid the power system
planning process by informing investments into thermal energy storage and CSP systems.

A set of data and parameter inputs must be proviglaghtthe calculationmodelfor a
CSP system with thermal energy storaffeese inputs include tirglomain datasets with regular
intervals over a specified time period (typically an annual period). These datasets are the power
demand (load) profile of the site that will depend on the CSP system, as well as historical natural
resource datasets such as direct normal solar irradiance (DNI) and ambient temperature. The
thermal energy storage PCM and workihgd in the CSP system must be specified along with
system parameter inputs summarized in Table 1. The mass flow rate can be provided as a direct
input or calculated by the model based on the time taken for the working fluid to travel from the
input to theoutput of the receiver.

This studyincludes analysis results for an example case of a CSP system with thermal
energy storagerhe analysis resultorrespond to each stage of the calculation process. The
inputs used for this example case are for a parabolic trough solar CSP system with a latent heat
transfer thermal energy storage systé&ie working fluid in this CSP system is sodium nitrate,
and hePCMin the thermal energy storage is lithium fluoride s&8ibdium nitrate is a molten salt
mixture that has excellent thermal sliéypand heat storage capacity. It can withstand high
temperatures, which is necessary to capture enough energy in a CSP(Byziam, 2023)
Lithium fluoride salt has a high melting point, which is important for a thermal energy storage
PCM that is expected to cycle between a high range of temperatures due to charge and discharge
cycles. This PCM6s mel t i ngthenambarbofpliase ctaadg8s C i s
that occur in the example scenario. The more phase changes that occur, the more the thermal

energy storage benefits from latent heat transfer. Lithium fluoride also has good thermophysical
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properties such as specific heat, thermal conductivity, viscosity, and density that we assume to
remain constant between its solid and liquid ph&Skaropov, 2025)

Table 1: Inputs for the Example Case

Parabolic Trough and Receiver

Heat transfer surface k [kW/&K)] 0.32 | Mass flow rate [kg/s] 0.15
Specific heat working fluid 0.1318| Cleanliness losses due to soilin{ 0.86
[kJ/(kgK)]

Density of working fluid [kg/r] 2.17 Optical efficiency 0.6
Length ofreceivertube [m] 40 Incident angle modifier 1
Radius ofreceivertube [m] 0.0125| Thermal efficiency 0.73

Width of parabolic trough aperture | 7.5
[m]

Heat Exchanger

Inner radiug working fluid [m] 0.4 Specific heat of water [J/(Kg)] | 4.184
Outer radiug water / steanim] 0.5 Specific heat of steam [J/(KQ)] | 1.996
Heat exchanger length [m] 10 Density of water [kg/rf] 1000
h for working fluid [W/(n? K)] 1640 | Density of steam [kg/fj 0.598
h for steam [W/(rAK)] 100 Transfer surface k [kW/(FK)] | 10
Thermal Energy Storage System
PCM melting point [C] 848 PCM Initial Temperature [C] 250
PCM solid density [kg/rj 1700 | Heat transfer surface height [m]| 1
PCM liquid density [kg/rl 1700 | Heat transfer surface length [m] 4

PCM solid specific heat [kJ/(Kg)] 2.428 | Heat transfer surface width [m] | 2
PCM liquid specific heat [kJ/(kH)] 2.428 | Transfer surface thickness [m] | 0.05

h for solid PCM [kW/(n K)] 2.1 Transfer surface k [kW/(FK)] | 10

h for liquid PCM [kW/(nt K)] 19 Latent heat of fusion [kJ/kg] 1.041
Other

Turbine efficiency 0.7 External battery capacity [kWh]| 10

Initial PCM temperature [C] 250 Battery max charge rate [kW] | 2.5

User inputs include timbased datasets such as the power demand profile, direct normal
solar irradiance, and ambient temperature. Figures 3 through 5 show the dataset inputs used for
this example case. In each following figure, the first tlased plotlsows the series across the
full period. The second plot zooms in on thaxis to show a section of the series and allow for a
clearer view of detailed trends. Figure 3 visualizes this zoorseasx and each subsequent

figure shows the same.
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CHAPTER 3: TEMPERATURE AND ENERGY GAIN AT RECEIVER OUTPUT

Mathematically modeling a parabolic trough CSP system first involves calculating the
temperature of the working fluid at the outlet of theeivertube. Due to the parabolic mirrors
that concentrate solar radiation onto teeeiver energy is transferred to the working fliad it
flows through theeceiver The temperature, heat flux, and quantity of enénaysferrecdat the
receiveroutlet depend on the size of the parabolic mirrors relative teetteverand the
working fluid flow rate.

Equation5: Heat Flux intoReceiver
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Figure 6: Heat Flux intoReceiver
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Equation6: Mass Flow Rate of the Working Fluid

00 .
— — %0 ﬁ z” (6)

a Y

The hot working fluid from the outlet of theceivers routed to a heat exchanger, where
it heats water into steam. The steam powers a turbine connected to a generator to complete the
transition of thermal energy to electrical energy. Heat exchangers are an essential component of
concentrated solar poweysiems. A pipe heat exchanger is modeled in this calculation process,
which has an outer diameter and an inner diameter to allow the flow of a hot working fluid and a
cold fluid.

These pipes may be parallel flow, where the hot and cold fluid flow in the same direction,
or counterflow, where the fluids flow in opposite directions. Once the output temperature of the
working fluid from thereceiveris known, the temperature of the water at the heat exchanger
output can be calculated using the Effectiveridé$sl method. The temperature of the working
fluid from the outlet of theeceivei s t reated as the Ahoto fluid i
exchanger. The water at the heat excheange nput I s treated as the fc
calculation, it is assumed that all the working fluid is routed toward the heat exchanger. None of
the working fluid is routed toward thermal energy storage. The water must transition into steam
in the heat exchanger to power the turbine, so the output temperature of the water from the heat
exchanger must be at least T@for the turbine to produce electricity.

Equation7: Output Temperature of th,e Working Fluid frd®eceiver Input to Heat Exchanger
YR O % YO 7

Equation8: Overall Heat Transfer Coefficient for the Heat Exchanger
x P P v
Y 5 7 o (8)
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Equation9: NTU for the Heat Exchanger

0w - 'YA .26 = 9)
| Elwy, oy
Equationl’O: gior thewHeat Exchanger
Equationll: Effectiveness of the Heat Exchanger
: o - " (11)

p O 20Q £ R

Equationl2 Output Temperature of the Working Fluid from the Heat Exchanger
. Co L I Elop g 2 Y 5 0 Y 0
Y O Y 5 O T (12)
A

Equationl3: Output Temperature of the Water/Steam from the Heat Exchanger
(bv

YR O a—— 2R 6 YR 0 Y 0 (13)

Wnp

The power output of the steam turbine is dependent on the output temperature of the
steam from the heat exchanger, the mass flow rate of the steam, and various system efficiencies.
Equation 4: ExpectedPower Output of CSP SysteinElectric Power
o - 2@ zZwp z"Y 5 0 ¢Xo (14)
Figure 7 shows the model 6s calcul ation for
system. Expected power output is plotted over time alongside the input power demand (load).
This plotted result assumes that thermal energy storage is not yet integiatee gxample
CSP system. The power output of the CSP system in this case is entirely dependent on
intermittent solar irradiance, so it is frequently in surplus or shortage of the power demand.
External energy storage or power control mechanisms woulddessary to support this CSP

system to serve the current power demand profile. Integrating thermal energy storage into this
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CSP system can address the problem as well, so the outcomes of this integration are covered in

Section 4.
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Figure 7: Power DemandLoad)vs Power Output dESPSystem

External energy storage would capture the power output of the CSP system during
periods of surplus power production and discharge power to the load during periods of a power
production shortage. The surplus power production from the CSP system is calasiate
Equation 5, where positive values represent a surplus of pawelation to the power demand
and negative values represent a shortage. External energy storage is modeled in Ejuation 1
This formula considers the current state of power sugidstracks the quantity of energy
stored, considering a usdefined energy storage capacity.

Equation 5: Power Surplus from CSP System
0 0o 006 (15)
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Equation B: Stored Energy within External Battery
‘0VQ006 p v o ©O h 0o ©
"0Q06 p O 6 © h 00 m (16)
Qai Q6 06 p O o
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CHAPTER 4: ADDING THERMAL ENERGY STORAGE

One purpose of thermal energy storage technologies in CSP systems is to regulate CSP
power output to match current load. To model this output regulation, the next stage of this
calculation process adds thermal energy storage to the CSP system. A caranoffemage the
proportion of working fluid from theeceiverrouted through the thermal energy storage versus
directly to the heat exchanger. The proportion of working fluid routed through the thermal
energy storage impacts the overall power output®fdBP system. Considering this, the
proportion of working fluid routed through the thermal energy storage can be controlled to match
the power output of the CSP system to the load.

When the temperature of the thermal energy storage material is higher than the
temperature of the working fluid, the thermal energy storage system will provide additional
energy to any proportion of working fluid that is routed to pass through the themargly
storage system. This would raise the working fluid temperature and can manage expected power
production shortages. When the temperature of the thermal energy storage material is lower than
the temperature of the working fluid, any working fluid exdito the thermal energy storage will
charge the storage system. This would lower the working fluid temperature and can manage
expected power production surplus.

The following set of calculation steps determine the proportion of working fluid that must
be routed to the thermal energy storage at each timestep to match the electrical power output to
the load. The first step is to find the desired output temperatttine steam that is needed to

match the correspondent load data point. This is directly calculated from each load data point.
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Equation ¥: Desired Steam Output Temperature from Heat Exchanger to Match Load
00
Y R O —
R - TETY ¢CXO (17)

Using the effectivenesdSTU method, the next step is to find the needed working fluid
temperature at the input of the heat exchanger to achieve the desired steam output temperature.
This working fluid temperature is also at the output of the thermal estygge system, so it
can also be expressed as the desired temperature at the output of the thermal energy storage
system. The effectiveness of the heat exchanger found previously is used for this step.

Equation B: Desired Working Fluid Input Temperature to Heat Exchanger / Output Temperature
from Energy Storage to Match Load
wrp Y 5 0 Y 0O

Y 0O Y O — — Y O 18
h h - z] Elwyp Moy (18)

The output temperature of the working fluid from theeiver(Thot,n) is calculated in the
previous section. In a CSP system with thermal energy storage as an intermediate stage of power
production, the output temperature from theeiverbecomes the input temperature to the
thermal energy storage systemd Esi) rather than directly to the heat exchanger. Equaton 1
reflects this change.

Equation B: Output Temperature of the Working Fluid fré®eceiver Input to Thermal Energy
S}torage S‘ystem

A o
d Zwp

YR O YOO (19)

The effectiveness of the thermal energy storage system must be calculated. To do so,
Equation23through 3 calculate NTU and (based on usetefined energy storage system
parameters. In a sensible system, these properties are treated as constants. In a latent system,

material properties such as heat transfer coefficient, specific heat, and density change as the
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energy storage material experiences phase changes. These material properties are treated as
dynamic variables that depend on the materi al

Equation20: Dynamic Heat Transfer Coefficient of the Phase Change Material
MM o0 Q 5 QITY 0 Y QailQ o Q (20)

_ Equat|0n21 Dynamic Specific Heat of the Phase Change Material
OF 0 © 5 QEITY O Y Qai® o o | (21)

Equation22: Dynamic DenS|ty of the Phase Change Material
"0 p QELTY O Y Qaim o (22)
Phasedependent material characteristics contribute to the effectiveness of a latent
thermal energy storage system. Effectiveness is adon&in variable due to the phase
dependency.
Equation23: Dynamic Overall Heat Transfer Co’efficient for the Energy Storage System
P P U h

?’Y \ : e
° 9 q o T & (23)

Equation 2: Dynamlc NTU for the Energy Storage System
e . Y 020 R

07¥W o I Elor hop o (24)

Equation 3: Dynamlc G for the Energy Storage System
., . I Ely Ry o (25)
°F O TR, Mo, o

Equation B: Dynamic Effectiveness of the Energy Storage System
p Q o
p Of 027Q ‘ f

P (26)

This effectiveness can be used to calculate the output temperature of the working fluid
from the thermal energy storage system, the heat flux into the energy storage material, and the
temperature change in the thermal energy storage material. The theenggl storage material

can be a sensible material that maintains its phase during temperature fluctuations, or it can be a
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latent material with a melting point that enables phase change. Once heat flux into the thermal
energy storage material is calculated in Equat®rE2juation 2 calculates the temperature of
the energy storage material using derivations of heat flux formulas. This equation applies the
derivation of the sensible heat flux formula to find temperature when the calculated temperature
indicates that no phase changews between the current and previous timestep. When the
sensible formula indicates that thetaréal will phase change from solid to liquid or from liquid
to solid, this equation instead applies the latent heat flux derivation to find the temperature of the
thermal energy storage material.

Equation Z: Working FIuid}Oytput Temperature from the Energy Storage System

- 0zl EBy Wy 060z2°Y 0 Y 0 p

Yo Y b _ (27)
5 i

Equation 3: Total Heat Transfer Rate aitkat Flux into Energy Storage Material
06 az8y z°Yy O Y j 0 (28a)
, . 0O
neo  —— (28Db)
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Figure 8: Heat Flux into Thermal Energy Storage Material
Equation ®: Dynamic Temperature of the Thermal Energy Storage PCM
OeEi1Y o0 p Y we QY j 0 Y (phase change to solid)
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Figure 9: Working Fluid Input Temperature vs Temperature of the PCM
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Figure 10: Thermal Energy Storage PCM Charge State and Phase Changes

The temperature of the energy storage material is necessary to calculate the output
temperature of the working fluid from the thermal energy storage system in Equatistineach
timestep, this allows the calculation process to determine what proportion of the working fluid
must be routed to the energy storage system before it reaches the heat exchanger to match the

output power of the system to the load.

Equation30: Proportion of Working Fluid Routed to the Energy Storage System
Y i o Yy O

= — : (30)
Y ; 0 Y5 O

0'Y o

Timesteps for which this proportion is between 0 and 1 indicate that the CSP system can

use its thermal energy storage to match its power output to the current load. These timesteps are

mar ked as fAMatches Load. 06 Whe 8BPdydtemisjncapaple r t i on
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of matching its power output to the current load. In a technical sense, this means that a greater
guantity of working fluid than the available working fluid would have to be diverted to the
energy storage for the CSP system to match load. There are ¢tkeaggd causes for a

proportion greater than 1:

1. The power output capability of the CSP system is too small relative to the load
2. The |l oad is high relative to the energy 1in
thermal energy to transfer into the working fluid
Y i 0O Yy O
3. The load is low relative to the energy in the working fluid and the thermal energy storage
system is at a temperature too high to accept energy discharged into the system

YR 0 Y i 0

These conditions impact how instances Bfdegreater than 1 are classified as shown in
Equation31.

Equation31: Outcomes of Proportion of Working Fluid Routed to Energy Storage
00 eMat ches QEbmdd"Y 06

00 e nsuffidiewWtd p GEQYy o0 Y

00 cExcess MaweY"0o p OGEQY F 0 Y

= xi

o (31)
)

¢

In a small portion of timestepthe direction of heat transfer between the working fluid
and the phase change material in the thermal energy storage system can be opposite of the
direction of heat transfer needed to match the load on the CSP system. Ideally, the CSP system
should be deigned to minimize the proportion of time that this contradiction occurs. This

contradiction is characterized by the fAMIi smat
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assigned to the timestep. When the first condition in this equation is true, the temperature of the
working fluid traveling into the energy storage is greater than the desired output temperature to
match load. This means that the working fluid must chérgghase change material in the
energy storage system to match load. When the second condition in this equation is true, the
working fluid is charging the phase change material in the energy storage system. When both
conditions are true, the energy st@aystem is charged during a timestep in which it is
demanded. When both conditions are false, the stored thermal energy system is being dispatched
during a timestep in which it is demanded. Th
where only one audition or the other is met.

Equation32. Mismatch Outcome of Proportion of Working Fluid Routed to Energy Storage

00 eMi s mat'@hi"yY 0 Y 0O wei’Y o Y 0 p (32)

Due to these conditions, it is rare to design a solar CSP system that can frequently match
the load as a staralone system. The actual proportion of working fluid that would be routed
through the thermal energy storage system is a positive value that eaneed 1, so the next
eqguation applies this condition.

Equation33: Actual Proportion of Working Fluid Routed Through Energy Storage

0'Y j O p MQEIDY 6 p Qai Q (33)
0°Y § O T QEIOY O T Qai @Y ; o 0Y 0o
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Figure 11: Proportion of Working Fluid Through Thermal Energy Storage
This algorithm assumes that the working fluid routed directly to the heat exchanger and
the working fluid routed through the thermal energy storage system reconverge to enter the heat
exchanger. The proportion of working fluid routed through the therneaggrstorage system
versus the proportion routed directly to the heat exchanger determines the output temperature of
the reconverged working fluid. This means that the temperature of the working fluid input to the
heat exchanger is a function of this acfuraportion of working fluid routed through the energy
storage system. This working fluid input temperature and the previously calculated effectiveness
of the heat exchanger are used to calculate the output temperature of the steam from the heat

exchangethat travels to the turbine.
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Equation 3: Temperature of Reconverged Working Fluid into the Heat Exchanger
Y 0 p 0Y j O z2°Y 5 O 0°'Y f 0zY ;0 (34)
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Figure 12: Reconverged Working Fluid Output Temperature
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Figure 13: Desired vs Actual Working Fluid Temperature into Heat Exchanger

Equation 3: Temperature of Working Fluid Out of the Heat Exchanger
. . ¢ e Yr Y o
Y i Y i - z| E lwy R z - (35)
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Equation 8: Actual Steam Output Temperature from Heat Exchanger
o Wp o w o .
Y & : Z Y h Y i Y O (36)

Wp
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CHAPTER 5: POWER AVAILABILITY OF PARABOLIC TROUGH CSP SYSTEMS

The superheated steam output from the heat exchanger travels to a turbine, which powers
an engine. The steam, the turbine, and the type of engine used at the end of the system determine
the electric power output of the parabolic trough solar CSP sy$temmost common types of
heat engines for parabolic trough solar thermal systems are the Stirling engine or the Brayton
Cycle engingZhu, 2019) The electric power produced by the engine is directly related to the
output temperature of the steam, the heat energy within it, and the efficiency of the turbine and
engine. EquationBcalculates the electric power produced at every timestep, considering the
condition that water only turns to steam above 100 C.

Equation J: Electric Power Output of CSP System

06 - zdzop Y 5 O CXO

A i~ o E s 7
QELY 5 0 Y i Qai o 37

Figurel5 shows example results for the electric power output of a CSP system with and
without thermal energy storage. The first plot is the tdomain output of Equatior01the CSP
system power output (orange line) compared to an example load profile (blue line) assuming that
no thermal energy storage is included. This plot shows that the power output of a CSP system
without thermal energy storage is dependent on solaiamae patterns, so it cannot match load
patterns. The second plot is the thh@nain output of Equation73the CSP system power
output compared to the load profile if the CSP system has thermal energy storage. This algorithm
assumes that the CSP system can control the proportion of working fluid routed through the
thermal energy storage channel. This alldwes@SP system to modulate its power output to
match the load when possible. Due to this power output modulation, the second plot shows

instances for which the power output of the CSP system matches thepugezlectric load.
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The calculated electric power output of the CSP system at each timestep can be exported
to AMPeRRe. This allows for the modeling of a CSP system and its behavior when integrated
into a microgrid with other intermittent renewable energy resources andctiigpiat power.
AMPeRRe provides several reliability and resiliemekated metrics, which presents the
opportunity to quantify how the incorporation of a CSP system with DynPCM thermal energy
storage impacts microgrid reliability and resilience. The AMPe&d&Raulation process will
allow for the pairing of the CSP system electric power output with aimget load profile at
every timestep. AMPeRRe will use this load profile to determine when the CSP system would
charge an external energy storage systen$)B8d when the ESS must discharge to account for
a shortage of the intermittent power resources, including the CSP system.

This algorithm assumes that the proportion of working fluid passing through the thermal
energy storage system can modulate the power output of the CSP system to match a load as
closely as possible. EquatioB 8ompares the power output of the CSP system to the load
demand, with positive values being a surplus of Q&fRluced power (S[t] > 0) and negative
values being a shortage (S[t] < 0). When the CSP system matches the load at any given timestep,
S[t] = 0.

Equation 8: Surplus of Produced CSP Power
YO 00 00 (38)
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Figure 16: CSP System Power Output Surplus
The power availability of a CSP system can be quantified as the proportion or percentage
of time that the CSP system meets or exceeds the load demand that it supplies power to.
Equation 3 reflects this.
Equation 3: Percent Power Availability of the CSP System

B »p Qleéo T Qau@zpnn (39)

0w

If external battery energy storage is incorporated to support the CSP system, the battery
energy storage can account for periods of energy surplus and shortages characterized by the
Al nsufficiento and fAExcess Powedhebattdryieneegg t e p s .

storage and initial state of charge, Equatiotracks stored energy at every timestep.
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Equation40: Stored Energy in an External Battery Energy Storage System
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Figure 17: ExternalBattery Energy Stored
External battery energy storage can provide additional capacity to manage discrepancies
between produced CSP power and load. This would increase the power availability of the CSP
system. Equatiodl calculates the power availability of the CSP system with external battery
energy storagdable 2 shows the calculated power availability results for the example CSP
system with latent thermal energy storage and the number of phase changes that occur
throughout the modeled time period.
Equation41: Percent Power Availability of CSP System with External Battery Energy Storage
B p MEiI00 m €1 YO m Qai®@

) : Zp T (41)
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Table 2: Power Availability Results for a CSP System with Latent Thermal Energy Storage

Result Without Battery Energy Storage | With Battery Energy Storage
# of Phase changes | 346 346
Power Availability (%) | 68.6 92.3

Power availability is a valuable metric that can be used to gauge the feasibility of
incorporating CSP systems with different system features, parameters, materials, and sensible or

latent thermal energy storage with dynamic phase change materials
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CHAPTER 6: INTEGRATING DYNPCMS IN CSP THERMAL ENERGY STORAGE

CSP systems use sensible or latent thermal energy storage to modulate their power
output. Latent thermal energy storage presents the opportunity to incogbarateic phase
change materials ygdPCMg. The working fluid can flow through a channel for which the
boundary connects to a tank containing an energy storage PCM. The PCM rests at the bottom of
the tank when it is in its solid phase, and the bottom of the tank shares a boundary with the
working fluid channel. When the solar CSP system is produekagssthermal energy, some of
the heatedwvorking fluid can be routed through the channel bordering the energy storage PCM
tank. The heated fluid enables the charge cycle within the PCM tank. When the solar CSP system
is not producing enough thermal energy, any thermal energy stored in the RCMnare used
by routing the cold working fluid through the bordering channel to enable the discharge cycle.

If adynPCM is incorporated into the thermal energy storage system, pressure would be
applied to thesolid-statePCM to push it against the boundary heated by the working fluid and
transition it from a solid to a liquid state. The pressure would minimize the liquid boundary
layer, maximize the heat flux, and maximize thermal energy captured duehteat transfer
during the PCM charge cycl&he application of dynPCM pressure solves a problem that
conventional latent thermal energy storage systems comirfamd. When the solid phase PCM
is pressed against the heated boundary, the transition into the liquid phase begins at the point of
contact and propagates away from the boundary. The propagation of the melt front is defined
through the Stefan problem asdt is transferred into the PCM. When no pressure is applied to
the solidstate PCM, the Stefan problem dictates that the thickness of the liquid layer expands

until it reaches a steaghtate or the boundary of the space within the thermal energy storage
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system. The difference between the temperature of the PCM at the boundary and the temperature
of the heated boundary narrows, decreasing heat flux into the PCM and the effectiveness of the
charge cycle. DynPCMs are a conceptual solution that would nbgaBtdfan problem. The

pressure applied to the sokthte material keeps the material pressed against the heated

boundary, minimizing the thickness of the liquid boundary layer and causing it to reach a steady
state. The higher the pressure applied tasttie-state PCM, the smaller the steady state liquid
boundary layer and the greater the heat flux from the heated boundary surface into-tatsolid

PCM.

A dynPCM thermal energy storage system would operate in the following stages

1. The working fluid flows through a channel adjacent to the chamber with the energy
storage PCM (such as salt, which can phase change into molten salt).

2. Heat transfer occurs through the boundary layer that sits between the working fluid in the
channel and the PCM in the thermal energy storage chamber.

3. During the thermal energy storage charge cycle, some of the working fluid is routed from
thereceiverto flow through the energy storage chamber. The hot working fluid transfers
its thermal energy to the PCM within the thermal energy storage chamber.

4. Pressure is applied to the top of the solid state PCM to push it against the boundary and
maximize heat flux between the hot working fluid and the RGNtreases speed and
efficiency of the charge cycle.

5. During the thermal energy storage discharge cycle, some of the cold working fluid is
routed from theeceiverto flow through the energy storage chamber. The hot PCM in the

thermal energy storage chamber transfers its thermal energy to the cold working fluid.

41



6. The working fluid routed through the thermal energy storage system reconverges with the
fluid routed directly to the heat exchanger. The reconverged fluid enters the heat

exchanger to generate steam for the turbine.

Figurel18visually represents how tldynPCM would contribute to the charge (stage 3) and
discharge (stage 5) cycles.

Charge cycle: Discharge cycle:
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Figure 18: Stages of the Charge and Discharge Cycle of DynPCM Thermal Energy Storage

In a thermal energy storage system with a dynP@l constant pressure applied to the
solid-state PCM against the heated boundary would allow for greater heat flux and a higher
efficiency charge cycle. The heat flux of a system with a dynPCM is dependent on the pressure
applied to the PCM and the difesce between the melting point of the PCM and the
temperature of the working fluid\s a necessary condition of the dynPCM system, there will be
a small liquid layer of heiglit defined by Equation 3 between the heated boundary and the solid

portion of P@/, which we account for in this modélhe greater the pressure, the closer the
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calculated heat flux values approach ideal heat transfer. This occurs because the liquid layer is
smaller when a greater pressure is pushing away the liquid layer to keep the solid side connected
to the heated boundary.

Calculating results for a CSP system wittlyaPCMin thermal energy storage is similar
to the calculation method for a CSP system withventionalatent thermal energy storage
(from the previous sections). Most formulas fromdbaventionalatent thermal energy storage
calculation process are common to the DynPCM calculation process, so this section only shows
formulae for which the DynPCM calculation process deviates. EqudBifor example, shows
that during the charge cycle, the output temperattitiee working fluid is determined by the
difference between the hot working fluid temperature and the melting point of the material
pressed against the heated boundary.

Equation42: Specific Heat of the PCM at Different Phases
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Equation43: Output Temperature of the Working Fluid from Thermal Energy Storage
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Equation 4 shows the heat flux from the working fluid into the thermal energy storage
material. During the charge cycle, an alternate heat flux formula is applied that accounts for the
pressure applied to the solid phase energy storage material. Since this heatillx only
applies during the charge cycle, the condition for its use is that the current temperature of the

PCM must be greater than the previous timestep. The second condition for its usat ik &%t
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part of the PCM is in its solid state. When the solid PCM runs out, shown as h[t] = 0, the heat
flux reverts to the sensible formula.

Equation 4: Heat Flux into the PCM
oY o0 Y 0 p WEQQ p ™

fco  pg TQ7 Y y -, Z U Y Y O ZWw Z V|
o] o2t
Qai Q (44)
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The following results show an example case with identical parameters to the case from
the previous section, but under the assumption thdhémmal storage system is capable of
operating in the dynamic modEhese results are dependent on the pressure applied to the PCM.
For example, increasing the pressure applied to the PCM increases the heat flux from the
working fluid into the thermal energy storage during timesteps of battery ckaggees 1921
show plots of this timéased heat flux at differeptessures. Figure 19 shows a case that applies
10 Pa of pressure to the PCM, Figure 20 shows a case applying 1,000 Pa, and Figure 21 shows a
case applying 100,000 Pa. As the pressure condition increases, subsequent figures show
progressively higher heaut peaks at specific timesteps for which the thermal energy storage

charge cycle takes place.
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Figure 19: Heat Flux into Thermal Energy Storagd 0 Pa
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Figure 20: Heat Flux into Thermal Energy Storage. 000 Pa
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Figure 21: Heat Flux into Thermal Energy Storagd 00,000 Pa
Similar to theconventionalatent model, different heat flux formulas are used to
determine the temperature of the energy storage material depending on Wieethaterial
changes to a solid phase, liquid phase, or experiences no phase Alsacadirmed by the
plots above, higher applied pressures also lead to higher heat flux into the thermal energy storage
material and a more effective charge cycle.

Equation &: Dynamic Temperature of the PCahd Total Heat Transfer Rate

OETY 0 p Y we QY | 0 Y (phase change to solid)
00 azd Rz Y Y 0 4zb azd zzY o0 p Y
6 azd azo RzZY o0 p Y (45a)
Y o Y .
azw p
0@i Q p
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OETY 0 p Y wEQY | 0 "Y (phase change to liquid)
0o azd Rz°Y Y o0 p azd 4zo 5z Y 0 Y

no Gz azo pz Y Y 0 p (45Db)
Y O Y =
azw g
V@i Qp
OETY 0 p Y weEQY 0 “Y (remains in liquid state)
0o Gzd RzY o0 Y 0 p
s ey n o (45¢)
Y O Y 0 p ——
azw
0@i Qn
OETY O p Y ®WEQY | 0 Y (remains in solid state)
00 Gzd RZY O Y 0 p

q o (45d)

Y O Y 0 p T———
azw p

0@i Qm

Figures 2224 show the temperature of the PCM as it changes with time compared to the
working fluid input temperature to the energy storage system. Similar to the results from the
conventional latent thermal energy storage model, these dynPCM systesiskeul expected
behavior between the two quantities. When the working fluid input temperature is higher than
the PCM temperature, the PCM temperature increases due to heat flux from the working fluid.
When the working fluid input temperature is lower tilag PCM temperature, the PCM
temperature decreases. Pressure added to the PCM results in higher PCM temperature peaks than
the conventional latent model during charge cycles within the time series. The higher the

pressure applied to the PCM in a dynPCMten, the higher the PCM temperature peaks.
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Figures 2827 trackwhether the thermal energy storage system is in a chgctgor a
dischargecycle at any given timesteps well as timesteps for which a phase change occurs.
These figures allow for evaluation of certain heat flux and temperature behaviors in the context
of whether the system is in a charge or discharge cycle and whether the PCM is in solid or liquid
phase. Given that trdynamicpressuranechanism only applies during the chacgele, system
behavior is expected to differ dependmgcycle. Only minimal differences arise in the timing
of charge vs discharge cycles and the phase of the PCM across the time period depending on the

pressure applied to the PCM.
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During a charge cycle, the solid PCM begins to melt and the solid phase of the material
depletes as pressure is applied. The temperature of the PCM rises during thisooyeler,
given the constant replenishment of the solid PCM at the heated boundary, there is not a
substantial change in temperature of the solid PCM which is not in contact with the heated
boundary. Rather, the liquid PCM layer experiences a tempematuease before being expelled
from the melt regionThe PCM is both solid and ligiiuntil the solid PCM is fully depleted, and
the PCM rapidly transitions into a fully liquid state when the overall PCM temperature exceeds
the melting point. When the discharge cycle causes the temperature to drop below the melting
point, this indicatedhat the material begins to solidify again. Equatiércdiculates the number

of timesteps in which the PCM experiences a phase change by counting each timestep that the
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PCM temperature crosses the melting point threshold. The more phase changes, the more the
thermal energy storage system takes advantage of the latent heat transfer pressure mechanism to
maximize the heat energy stored in the system.

Equation 4. Number of Phase Changes

O@i Qif p QETODI Qp €1 0Di Q p Qai @ (46)

The solid PCM in the thermal energy storage system is a finite material that will melt
during the dynPCM charge cycle. Ideally, the solid PCM has a height large enough to ensure it is
rarely or never fully depleted during a charge cycle. This means ghptéhsure mechanism can
press the solid edge of the PCM against the heated boundary to maximize heat flux throughout
the full charge cycle. A charge cycle can fully deplete the solid PCM, however, when it lasts
long enough at a high enough melting sp&¥den the solid PCM is fully depleted, it is in full
liquid phase and the sensible heat flux formula determines heat flux into the PCM. This is
reflected in Equatiod4.

To track the state (current height) of the solid PCM, Equdtforalculates the melting
speed of the PCM. The melting speed is dependent on the melting point of the material, the
temperature of the PCM at the current timestep, the heat flux between the heated boundary and
the PCM, and material properties.

Equation47: Meltir]g S‘peed of Solid PCM
60 12 47)

50 Y Y 0 p ? FW R

The melting speed determines the height of the PCM at each timestep as shown by
Equation44. Equationd7 calculates melting speed in terms of meters per second, so Egiition

converts this value to meters per hour to account for-lomgy timesteps.
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Equation 8: Height of Solid PCM
D0 Do p 00Z20@mmMQE I'D @O0 p O0ZOQMTT
@0 D QETDO p oo0zomnmn'® (48)
@O0 M QEIB®O p O0ZOQTMTT

Appendix B contains theext set of plot$or this dynPCM case, includirthe proportion
of working fluid through thermal energy storage, the working fluid temperature input to the heat
exchanger, and the power output of the CSP sydibese results considdre samalynPCM
thermal energy storage systesithe plots aboweith differentquantitiesof pressure applied to
the PCM. The formulaand methodologysed to produce thepéotsare the same as the
formulas shown foconventionalatent thermal energy storage in the previous sedbonthe
results are different due tbd incorporation of the pressure on the PCM. Each of the plots in
Appendix A represent intermediate calculations that lead to the calculation of an actionable
resuli the expected electric power output of the CSP system for the dynPCM case. Figures 28
through 30 show this expected power output at each timestep given different pressures on the
solid-state PCM. The power output of the CSP system is plotted against the power demand (load)

to visualize how, similar to the conventional latent case, the CSP systeen output is

controlled to match the power demand as closely as possible.
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As in the conventional latent case, the dynP€lde assumes that an external battery
energy storage system supports the CSP system. Figures 31 through 33 show the external battery
energy stored for the dynPCM case at different pressures. At some timesteps, variation can be
seen in how much energy i®eed. Higher pressures cause higéfficiency thermal energy
storage charge cycles, increasing the electric power output of the CSP system when the thermal
energy storage discharges. This excess electric power associated with higher pressures is routed

to battery energy storage, contributing to higher stored electric energy at some timesteps.
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Modeling this system has allowed for the calculation of power output and power
availability of an example CSP system with sensible, latent, and dynPCM thermal energy
storage. The power availability of this solar CSP system with latent thermal energe s$orag
68.6, and its power availability becomes 92.3 with external battery energy storage. Given a
dynPCM system, power availability increases with an increase in pressure applied to the PCM.
This increase follows an approximately logarithmic trend, meahiaithe pressure on the PCM
must increase exponentially with each increment to achieve approximately equal increments of
increase in power availability. The increase in power availability due to increased pressure on the
PCM can be attributed to the irased heat flux from pressing the solid edge of the material to

the heated boundary from the working fluid. The greater the pressure on the PCM, the smaller
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the liquid boundary layer between the solid PCM and the heated boundary. The smaller the

boundary, the greater the heat flux during charge cycles.

The power availability of the CSP system with dynPCM thermal energy storage is

calculated using the same method as for the conventional latent thermal energy system. Since the

pressure applied to the PCM during the charge cycle impacts the heat fliihei@GM, the

working fluid temperature dynamics, and the electric power output of the CSP system, the

pressure has an impact on the overall power availability of the CSP system. Figure 34 presents

calculated results from this model that show the powerahilil of the CSP system is expected

to be higher when higher pressures are applied to the PCM. Figure 35 shows that when an

external battery is applied as a supporting power resource, power availability is higher in every

case with a similar trend of ireased power availability given higher pressure.
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Figure 34: Power Availability of the CSP System at Different Pressures on the Solid PCM
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CHAPTER 7: CONCLUSION

The model presented in this study quantiffesexpectegerformanceand power
availability of CSP systems witbonventional thermal energy storaeldynPCM thermal
energy storagdt is a valuable planningtage analysis tool that decision makers can use to
determine expected outcomes faragiety ofplannedthermal energy storage technakgand
CSP systemgeducing uncertainty associated with the incorporation of these technologies in a
microgrid Results from this model consist of critical analgtinformation needed to build
business casand make investment decisions abpodvercomponentsThe use of this model
will enable power system planners to design and invest in technologies for CSP systems that
yield measurable benefits to t hewillsemabdet emsd r el
informed investment decisions, optimizing the outcomes associated with implementation of
thermal energy storage and CSP systems in micogrid

This study applied the computational model to an example CSP system with thermal
energy storage. The example results demonstra
makers and quantify the benefit of applying dynPCMs in a thermal energy storage. Syste
expected power availability is a numerical result from this model that allows demsicers to
gauge the expected reliability of different investment plans. Plotted results give decaiers
a more indepth, quantified understanding of how widual components within the system will
behave under a variety of conditions. The results in this study show that a CSP system with
dynPCMs is expected to have higher power output and power availability compared to a system

with conventional latent therrhanergy storage, particularly at higher pressurgghét power
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availability indicateghat a CSP system with dynPCMs will ndess support from external
power resources to maintain continuous power sujopdydemand profile

Thenext stage of this work is to develop twmnputational radelinto a MATLAB
program.This programwill be incorporated ito the existingAnalysis of Microgrid
Performance, Reliability, and Resilience (AMPeRRe) computational nfdagdolson, 2024)
which will quantify the expected reliability and resilience outcomes of placing CSP systems and
thermal energy storage in microgridsis includedorecasted outcomesich agpower
availability, fuel consumption, excess energy over a time period, and survival time in the event
of various resource disconnection scenarios. Incorporation of this model into AMPeRRe will
expand its analysisapabilitiesto emulate the interaction of CSP systend different types of
thermal energy storageith other power rgources in a microgrisuch as PV solar, wind power,
generators, and battery energy storage

This study represents a significant step towards modeling thermal energy storage and
CSP systems to reduce uncertainty around their implementation in microgrids. By modeling
dynPCMs, it also provides a critical comparison of this conceptual technologgvertional
thermal energy storage systems. This study advances the understanding of how CSP systems
behave when supplying to a power demand, and how different thermal energy storage systems
behave within CSP systems to modulate power output and maxioviz pvailability. The
computational model presented in this work is broadly applicable and repeatable so it can benefit
a wide variety of power planning projects that involve CSP systems and thermal energy storage.
For many projects, it will provide quaféd analytics on the expected behavior of these systems,

measure the benefits and tradeoffs of incorporating new technologies such as dynPCMs, and
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create improved reliability and performance outcomes when the rdodeh analytics inform

planning and development.
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APPENDIX A: VARIABLES AND SUBSCRIPTS

Variables

g0 = Heat f 1l ux

0 = Total heat transfer rate

gt] = Direct normal solar irradiance data
L[t] = Time-based power demand (load) profile
n = Number of timesteps

A= Area

w = Width

d = Efficiency

dangle= INncident angle modifier

& = Working fluid mass flow rate
LEabsorver= Length of the receiver tube

W = Time for the working fluid to pass through the receiver
} = Density

T[t] = Dynamic temperature

Cp = Specific heat

k = Thermal conductivity

h = Heat transfer coefficient

U = Overall heat transfer coefficient

L = Latent heat of fusion of the PCM

€1 = PCM viscosity

Tm = Melting point of the PCM

Tsteam,min= Boiling point of water (100 C)

r = Coefficient for EffectivenesslTU method
U= Effectiveness for the EffectiveneS§U method
P[t] = Electric power output of the CSP system
Psurpiudt] = Power surplus from CSP system

E[t] = Stored energy within an external battery
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Ecapacity= Capacity of battery energy storage

PRnoft] = Proportion of working fluid routed to the thermal energy storage system
AVcsp= Percent power availability of the CSP system

AVhattery= Percenpoweravailability of the CSPsystem withexternalbatteryenergystorage
ht[t] = Height of the remaining sokldtate PCM during a charge cycle

htpeak= Maximum height of the solidtate PCM when the full material is solidified

Pr = Pressure applied to the PCM during a charge cycle

Phases= Number of phase changes

Phase= Numerical representation of whether a phase change occurs within a given til
u[t] = Melting speed of solidgtate PCM

Subscripts

absorber = CSP system receiver

aperture = Parabolic trough mirror aperture

surface = Surface area

section = Crossectional area

transfer = Area of heat transfer

thermal = Thermal efficiency of the solar CSP system

optical = Optical efficiency of the solar CSP system

losses = Efficiency value to represent the energy conversion losses of the CSP syste
system = Overall efficiency of the turbine and generator system

wf = Working fluid

hot = Material treated as fAhoto workin
cold = Material treated as ficol do work
in = At the input to the heat exchanger

out = At the output from the heat exchanger

esin = At the input to the energy storage system

esout = At the output from the energy storage system

steam = Steam thermophysical properties

amb = Ambient / surroundings

he = Heat exchanger
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es = Thermal energy storage

wall = Heat transfer boundary wall

des = Desired value

actual = Actual value

PCM = Phase change material in the thermal energy storage
s = Solid phase

| = Liquid phase

sensible = For sensible heat transfer

Abbreviations

PCM = Phase Change Material

DynPCM = Dynamic Phase Change Material
CSP = Concentrated Solar Power

NTU = Number of Thermal Units
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APPENDIX B: ADDITIONAL PLOTS

The following plots are a continuation of the results from Section 6. They are produced
using the same methodology as the latent case in Section 4, but the results are different as they

consider a dynPCM thermal energy storage system under differentrpeessu
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Figure 41: Reconverged Working Fluid Output Temperafut®00 Pa
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Figure 42: Reconverged Working Fluid Output Temperafut®0,000 Pa
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Figure 46. Steam Output Temperature from Heat Exchaiiged Pa

79



©

2 1000

£ |
()]

|_

—— Desired Steam Output Temperature from Heat Exchanger
—— Actual Steam Output Temperature from Heat Exchanger

L A s s L P\

2000 4000 6000 8000
Timestep (Hours)

Desired Steam Output Temperature from Heat Exchanger
Actual Steam Output Temperature from Heat Exchanger

4200 4400 4600 4800

Timestep (Hours)
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Figure 48. Steam Output Temperature from Heat ExchafgHd0,000 Pa
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