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ABSTRACT

Due to the rising threat of climate change, there has been a signi�cant e�ort to expand

clean electricity generation from renewable resources - primarily solar photovoltaics and wind

power. However, these resources provide variable generation that depends on when the sun

shines and when the wind blows. To be e�ectively integrated into electric grids, this vari-

able generation then needs complementary technologies that could enable continued growth.

One potential enabling technology, concentrating solar power, is particularly attractive due

to its ability to incorporate inexpensive thermal energy storage. Many di�erent speci�c em-

bodiments of concentrating solar power are still being considered, though signi�cant recent

attention has been given to systems using latent heat storage. These systems store thermal

energy in the phase change of a material, which is an isothermal process that can reach high

energy density and potentially low storage cost. To implement these theoretical advantages

in practice, several aspects of latent heat storage for concentrating solar power are still being

developed. Much of the focus has been on phase change material development, including

integration of these materials into e�ective thermal storage subsystems and overall system

designs. As a part of this growing �eld, in this thesis I have provided contributions in design,

modeling, and experimental demonstration of latent heat storage systems with the end goal

of widespread deployment of concentrating solar power technology.

In one broadly applicable contribution to this �eld, I developed a holistic system model to

evaluate potential phase change materials based on the in
uence of their material properties

on the overall levelized cost of a electricity of a concentrating solar power plant. Next, I

focused on development of a new concentrating solar power concept in which latent heat

storage and a power block are both held on top of a small scale solar power tower. This

concept is unique for its size (� 100 kWe), methodology (latent heat storage on top of the

tower), and is ability to turn on and o� on demand. To analyze the potential of this design, I
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�rst developed a detailed thermal model to predict overall system performance and e�ciency.

I also combined this model with techno-economic analysis toevaluate the scenarios in which

the concept could be cost-competitive with both conventional and alternative technologies.

With this opportunity identi�ed, my subsequent e�orts were largely experimental, as I led

construction and testing of two prototypes to provide a proof-of-concept of the technology.

The second of these prototypes built upon all previous advancements in knowledge and design

of the concept, and was able to demonstrate higher system e�ciency than any previous

experimental e�orts to combine latent heat storage with power generation. The remaining

work to be done to develop this concept is in reliable containment of the phase change

material that we selected, aluminum-silicon. I performed experiments on several potential

containment methods, but found mixed results, and further e�orts are still required before

commercial development of the technology.

The theoretical and experimental results of this thesis help advance the technology of

latent heat storage for concentrating solar power. I have provided a better understanding of

the impact of phase change material selection on performance and cost of an entire concen-

trating solar power plant, with detailed consideration of the importance of each phase change

material property. I have demonstrated the advantages of metal phase change materials with

modeling and experiments, reducing the risk of using these materials in latent heat storage

systems. I also helped identify remaining issues in reliable containment of aluminum-silicon

as a phase change material. Together, this thesis provides motivation for further progress in

latent heat storage for concentrating solar power, which could enable signi�cant growth of

clean electricity around the world.
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CHAPTER 1

BACKGROUND INFORMATION

1.1 Motivation

With recognition that human activity will have a strong e�ect on future consequences

of climate change, there has been a global e�ort to develop new technologies that reduce

greenhouse gas emissions. The electricity sector contributes over 40% of worldwide energy-

related carbon dioxide emissions [1], and thus clean electricity generation from renewable

resources has been a focus of much of this global e�ort. Hydropower is the most established

renewable electricity technology (it currently makes up nearly two thirds of renewable elec-

tricity generation), but it is geographically limited and has limited opportunity for future

growth (in 2017, hydropower capacity increased by less than2% [2]). Conversely, rapid tech-

nical progress and cost reductions have been recently realized for both wind power and solar

photovoltaics (PV) [3, 4]. Together, these made up almost 60%of global power capacity

additions in 2017 [2].

Unfortunately, the renewable electricity technologies that are currently growing fastest,

PV and wind power, are inherently intermittent and therefore cannot alone be used to meet

all of our electricity needs. The grid must always exactly match electricity supply with

demand, but grid operators do not have the ability to controlwhen the sun shines or when

the wind blows. When PV and wind are added to the grid, then either other generators must

reduce output, or excess generation must be curtailed. The consequence of this curtailment

can be signi�cant: the National Renewable Energy Laboratoryestimated that if PV grows

to meet 22% of total electricity demand in California, 50% ofPV generation will be curtailed

due to over-generation during periods of high solar resource or low electricity demand [5].

Not only would this be a lost opportunity to use available clean electricity, but it would also

increase the e�ective cost of wind and solar, making them less economical and limiting their
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growth. In addition to this curtailment issue, the variability of PV and wind also create

secondary e�ects on the rest of the grid. When PV and wind output fall, other generators

must increase their power output with high ramp rates, and must turn on and o� more

frequently. This reduces e�ciency and increases the cost ofgrid operation, an e�ect that

could prevent utilities from installing large amounts of PVand wind that otherwise would

be cost e�ective [6, 7].

Several potential solutions may help to alleviate this issue and enable e�ective integration

of clean electricity onto the grid. As a �rst low-cost solution, grid operators may vary output

of what have historically been considered \baseload" generators, to reduce curtailment and

satisfy a signi�cant portion of ramping requirements [8]. Another contribution to the overall

solution could be demand response: industrial and residential electricity consumers can use

smart grid technologies to shift their demand to times when variable resources are avail-

able [9]. Finally, energy storage can be used to de-couple energy collection from electricity

production. For grids with low levels of penetration of variable generation, short duration

(< 4 hour) storage may be su�cient to capture near-maximum value of PV and wind [8].

However, as grids shift to higher levels of penetration of variable generation, longer duration

storage will become more valuable [10, 11]. To capture this growing value, many di�erent

methods of energy storage are being pursued.

As of May 2019, pumped hydro storage was by far the most widely deployed energy stor-

age technology, making up 97.6% of globally operational energy storage capacity on a power

basis and 98.8% on an energy basis [12]. However, pumped hydrostorage (and similarly,

compressed air energy storage) is geographically limited, and unlikely to provide signi�cant

additional storage in the future. Thus, attention has shifted to emerging technologies of

electro-chemical, hydrogen, and thermal energy storage. Each of these options has certain

advantages, and can be compared to each other for a given application on the basis of lev-

elized cost of storage. In this comparison, electro-chemical storage, primarily with lithium

ion batteries, has been proven as a e�ective and low-cost solution for short duration storage
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[13, 14]. However, these batteries can become quite expensive for long duration storage due

to a relatively high incremental storage cost of over 150 $/kWh [15, 16]. In this long dura-

tion storage application, or in some portable storage applications, hydrogen energy storage

appears to be attractive, but is still being developed to achieve costs that will make the

technology marketable [13, 17].

A �nal energy storage technology, thermal energy storage (TES), is the focus of the re-

mainder of this thesis. Though it is sometimes overlooked asa grid storage option, TES cur-

rently provides more global energy storage capacity than any technology other than pumped

hydro storage [12]. TES also has attractive prospects for the future, because of its low in-

cremental storage cost of� 15 $/kWh [18]. That gives it an advantage for long durations of

energy storage, and makes it particularly useful for the application of integrating high levels

of variable renewable electricity onto the grid. Many di�erent methods for employing TES

exist, but here I focus on concentrating solar power, with detailed discussion in the following

section.

1.2 Concentrating solar power

Concentrating Solar Power (CSP, also commonly referred to as \concentrated solar

power" or \solar thermal power") is a technology that converts sunlight to electricity in-

directly, by collecting the sunlight as heat, then transferring that heat to a heat engine that

converts the heat to electricity. The �rst step of sunlight collection is most often done with

mirrors that track the sun and re
ect sunlight onto a solar receiver. The mirrors may take

several di�erent forms, including parabolic troughs that focus sunlight on a receiver tube,

parabolic dishes that focus sunlight onto a point receiver,or heliostats that focus sunlight

to a receiver on top of a tower. Less commonly, Fresnel lensesmay also be used to concen-

trate sunlight onto a receiver. Once sunlight is collected as heat at the solar receiver, the

heat can be transferred to a power cycle that produces electricity immediately, or to a heat

exchanger that transfers heat into a thermal storage systemwhere the heat is stored before

being transferred to a power cycle at a later time.
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The �rst generation of CSP system designs were those that immediately transferred

heat to a power cycle for electricity generation when sunlight was available. These systems

directly competed with PV, whose power output also follows the solar resource. In this

competition, PV had several advantages: high levels of investment, ability to use di�use

sunlight, and modularity, which allowed PV to target many di�erent markets and use high

throughput manufacturing techniques to achieve economiesof scale. PV technology then

progressed more rapidly and out-performed CSP, which had adapt and �nd another route

to commercial deployment.

In the next phase of technology development, modern (generation 2) CSP designs in-

corporate thermal energy storage with molten salt as an energy storage material. In solar

power tower designs, this salt (a mixture of nitrate salts) is pumped from a cold storage

tank to a central receiver on top of a tower where it is heated by solar radiation from 290 to

560� C. The salt then returns to the ground and is delivered to a hotstorage tank. Separate

from this solar collection system, the salt can be pumped from the hot storage tank through

a heat exchanger where it transfers heat to a steam Rankine cycle that converts thermal

energy to electricity. The discharged salt then returns to the cold storage tank where it can

be re-heated by solar radiation when it is available.

The addition of storage signi�cantly reduced the cost of CSPsystems, primarily because

it increased the capacity factor of these power plants (the percentage of time that the plant

runs at full power). More electricity can be generated with the same power block, while

only adding incremental costs from other subsystems (the storage system, receiver, and

heliostat �eld). Adding storage also signi�cantly increased the value of CSP technology, by

making it capable of shifting electricity production to times when the sun is not shining.

For some electric grids, this can make CSP more than twice as valuable as PV [19]. This

has encouraged a second wave of commercial development of CSP, with solar power towers

currently either planned or under construction in Australia, Chile, China, Greece, Morocco,

South Africa, and the United Arab Emirates [2, 20, 21].
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While generation 2 CSP has achieved some recent commercial success, additional im-

provements could be made for further cost reductions or value additions. Third generation

CSP is currently under development, with several competingtechnology pathways being

considered [22]. The �rst of these, the molten salt pathway,is an incremental change from

current generation 2 technology. By increasing operating temperature and shifting from

steam Rankine to a supercritical CO2 Brayton cycle for power generation, this pathway

could increase conversion e�ciency and thereby reduce system cost. For this pathway, a

number of advancements are under development: power cycles, high-temperature salt ma-

terials for sensible thermal energy storage, and other high-temperature receiver and heat

transfer components. Second, the falling particle pathwayis based on a concept of concen-

trating sunlight onto small particles that perform a dual role in both receiving and storing

sensible thermal energy. Packed-bed or 
uidized-bed heat exchangers can then transfer heat

from the particles to a power block. Finally, the third pathway uses a receiver with a gas

phase heat transfer 
uid at high temperature and high pressure, and may be combined with

many di�erent methods of energy storage, one of which is latent heat storage. The tech-

nology proposed in this thesis can be most closely associated with the third pathway, but

represents its own unique approach as an addition to other pathways being considered.

1.3 Modular concentrating solar power

In the previous discussion, typical CSP designs have historically been quite large (> 100

MW electric ) so that they can utilize high e�ciency and low cost power blocks. However,

several advantages could be gained by shifting to a modular (< 1 MWelectric ) system design.

(1) Small scale systems can target market applications thatare not available to conventional

CSP. Half of microgrids in the United States require power levels of less than 1 MWelectric [23],

and a large CSP plant would be under-utilized and excessively costly for these applications.

(2) Small scale results in low capital cost, which makes crowd-sourced community-based solar

farms or other funding options attainable. (3) Low capital cost reduces the risk of �nancing

new projects compared to the billions of dollars of capital required for conventional CSP.
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Finally, with evidence from the success of PV, (4) rapid technology progress and (5) high

e�ciency manufacturing processes are possible through higher throughput manufacturing of

small plants.

Though they have not yet led to signi�cant commercial deployment, these advantages

have inspired several e�orts to develop modular CSP systems. These e�orts can be divided

into two categories, based on their method of solar concentration. First, several e�orts have

been made to incorporate TES with dish Stirling systems [24]. Early e�orts were motivated

by remote power for space applications, and more recent e�orts have focused on terres-

trial applications. These used a wide variety of technologies for each system component:

thermoelectric generators, Rankine cycles, and Stirling engines for power conversion; salt,

sugar, or metal thermal storage materials; and pumped oils,heat pipes, and pool boilers

for heat exchangers. Notably, Temple University and In�nia Corporation built a latent heat

storage system using NaF-NaCl as a thermal storage material anda Stirling engine for elec-

tricity generation. They demonstrated some initial success, but experienced dry-out issues

with their heat pipe design [25, 26]. Sandia National Laboratories also investigated latent

heat storage with Dish Stirling [27, 28]. They found potential for cost-competitiveness, but

required further work on 
exible high temperature heat transfer pipes and material com-

patibility between their copper-magnesium-silicon thermal storage material and candidate

containment materials.

In addition to e�orts to incorporate TES with a dish concentrator, modular solar power

towers have also been proposed by several companies and research groups. At a pilot plant

scale, AORA developed a design called the \Solar Tulip" (Figure 1.1(a)), which collected

sunlight in a compressed air receiver and did not incorporate any energy storage but hy-

bridized solar heat input with hydrocarbon fuels for continuous production of electricity and

heat from a micro-turbine. Graphite Energy (Figure 1.1(b)) developed an alternative con-

cept based on sensible heating of graphite blocks held on topof a small scale solar power

tower. Vast Solar (Figure 1.1(c)) also created a small power tower design, utilizing a sodium
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receiver. Unlike AORA and Graphite Energy, this design located thermal energy storage

and power conversion (a steam turbine) components on the ground. Another company still

developing at a research level (design announced in 2018), Azelio (Figure 1.1(d)), designed a

system with latent heat storage in an aluminum-silicon PCM,a sodium heat transfer 
uid,

and a Stirling engine for power conversion, with all components on top of the tower. While

none of these companies have reached extensive commercial success, they provided technol-

ogy advancements and signi�cant motivation for continued development of modular solar

power towers, as I have also pursued in this thesis.

(a) (b)

(c) (d)

Figure 1.1: Previous small power tower designs include a variety of di�erent solar receiver,
thermal storage, and power generation methods. (a) Solar Tulip. (b) Graphite Energy. (c)
Vast Solar. (d) Azelio. [29{32]
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1.4 Heat engines

Though not the primary focus of this thesis, the heat engine that converts heat to electric-

ity (often referred to as the power block) is a critical component of a CSP system. Because

its e�ciency a�ects the size of all other system components,it has more in
uence on overall

system performance and cost than any other subsystem. This means that it must be well

understood when designing a thermal energy storage system for CSP, and to provide relevant

background information, I further discuss heat engines in this section.

Fundamentally, heat engines are governed by the thermodynamic limit of Carnot e�-

ciency, � carnot :

� carnot = 1 �
Tcold

Thot
(1.1)

whereTcold is the temperature of the cold side of the heat engine, andThot is the temperature

of the hot side of the heat engine. In practice, the e�ciency of heat engines is usually closer to

75% of Carnot e�ciency [33], and is also often close to what isreferred to as the Chambadal-

Novikov limit. This limit (sometimes incorrectly attribute d to Curzon and Ahlborn) is based

on endoreversible thermodynamics and considers exergy destruction during heat transfer to

and from the heat engine, resulting in a predicted e�ciency of :

� Chambadal � Novikov = 1 �

r
Tcold

Thot
: (1.2)

To apply these limits to a hypothetical scenario, we may consider a system that has a

hot reservoir temperature of 550� C, and a cold reservoir temperature of 35� C. The 75% of

Carnot e�ciency rule-of-thumb predicts that this system could reach 37% e�ciency, and

the Chambadal-Novikov e�ciency limit for this system is 39%. Both of these predictions

are close to the e�ciency of a practical heat engine with these operating conditions, and

can be extended to other temperatures to determine approximate potential e�ciency of a

power block for a given operation temperature of a thermal storage system. This reveals that

high temperature storage can lead to high thermal-to-electric conversion e�ciency, which is
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very important for overall system success. However, higher temperature operation can also

require more expensive materials for the storage system andreceiver, which is an important

trade-o� in overall system design.

Another important consideration when designing thermal energy storage systems is how

heat is input to the thermodynamic cycle of a heat engine. Some heat engines operate with

isothermal heat input and output (e.g. Stirling), while others use a working 
uid that changes

temperature during the cycle (e.g. Rankine, Brayton). For maximum exergetic e�ciency,

isothermal heat engines should be combined with isothermalenergy storage. Similarly, heat

engines with temperature changes are most e�ectively combined with thermal storage sys-

tems that use sensible heat. In any other combination, therewill be a large temperature drop

from the thermal storage to the working 
uid of the power cycle. This exergy destruction

during heat transfer represents a lost opportunity to produce useful work (i.e. electricity

output). However, it is also important to note that ideal heat transfer performance is not

necessarily required to develop a cost-e�ective system, sothe rule of matching heat input to

the thermodynamic cycle is not without exception.

Also relevant to ongoing development of CSP systems, we may consider the commercial

maturity of di�erent heat engine technologies. The most commonly used power generation

cycle is the steam Rankine cycle, and as a result all components of this cycle have been heavily

optimized to reach overall e�ciencies of 35-45%. In CSP systems, heat is input to the steam

Rankine cycle at temperatures of 250-550� C, which is primarily dependent on the operating

temperature range of the nitrate salt material used for thermal energy storage. At lower

temperatures, organic working 
uids can be used as an alternative to steam, and organic

Rankine cycles have also reached maturity in commercial development for applications such

as geothermal power. Another cycle in which the working 
uid changes temperature during

heat input is the Brayton cycle. Though less mature than the Rankine cycle, the Brayton

cycle has received recent interest, in particular with use of supercritical CO2 as a working


uid, for its potential to reach 50% conversion e�ciency [34].
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Several heat engines that operate with isothermal heat input may also be considered for

use with CSP systems. Stirling engines are the most mature ofthese options, due to previous

development for dish Stirling applications. These have reached an e�ciency of 40%, and have

been used at temperatures over 700� C [35]. Other emerging heat engines that use isothermal

heat input include thermophotovoltaics and thermo-acoustic, thermoelectric, and thermionic

generators. These technologies are all still under development, with lower e�ciencies and

higher costs compared to options previously discussed, dueto limited commercial maturity.

However, continued research and progress could allow any of these technologies to become

viable options for use in CSP systems in the future.

1.5 Thermal energy storage

Both speci�c to CSP and general to TES for other applications, thermal energy may

be stored in three di�erent forms: sensible heat storage (energy is stored by increasing the

temperature of a storage material), latent heat storage (energy is stored in the phase change

of a material at a constant temperature), or thermochemicalheat storage (energy is stored

via a chemical reaction).

Sensible heat storage is the most mature technology for use with CSP, and involves storing

energy in a material that increases in temperature as it receives heat input. Historically,

sensible heat storage been done with sodium-potassium nitrate salt as a thermal storage

material. This salt melts at 220� C, and begins to degrade slightly below 600� C, meaning

that its operating temperature range is typically 250-550� C [22]. The salt also serves as

a heat transfer 
uid in the solar receiver, which reduces system complexity but also has

some disadvantages. If the material solidi�es, it expands,which can lead to failure of pipes

and di�culty in re-starting the system. Therefore, these systems use heat tracing to ensure

that the salt never solidi�es during operation. Alternative to molten salts, solid materials

have also been considered for sensible heat storage, including ceramic particles and other

inexpensive materials such as rocks. Solid materials cannot be pumped, but can be physically

moved by other means, or can be placed in �xed beds while a 
uid(gas or liquid) is used
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to transfer heat into or out of the solid material. This creates potential for very low cost

systems, though also lower energy density than alternativethermal storage approaches, which

increases the cost of other system components (such as heat exchangers and storage tanks)

[22].

Latent heat storage, as an alternative to conventional sensible heat storage, has not been

deployed in any commercial CSP systems but is an attractive primarily for its high energy

density and potential for low overall storage system cost. This has led to recent interest in

international research and commercial development, and provides the basic motivation for

focus on latent heat storage in the rest of this thesis.

1.6 Latent heat storage

As discussed previously, latent heat thermal energy storage(LHTES) stores energy in the

isothermal phase change of a material. This provides the advantage of high energy density,

which leads to a potential for low cost thermal energy storage systems. The most common

phase change considered for these systems is between solid and liquid phases, because of its

high energy density, though solid-solid phase change storage may also be considered in some

applications. Storing energy in a phase change from liquid to gas is generally not feasible for

large scale energy storage systems, because this either hasvery low storage density or poses

the di�culty of very high pressure in the gas phase.

A key attribute of latent heat storage systems is isothermaloperation, which as previously

discussed, makes it ideal for applications that involve heat engines that receive isothermal

heat input. However, phase change can also happen over a rangeof temperatures, leading

to the possibility of combining latent and sensible heat storage for use with other heat

engines as well. For a more detailed discussion, consider Figure 1.2. This �gure provides a

phase diagram of the aluminum-silicon system, with increasing silicon content from left to

right. This phase diagram describes what phases are thermodynamically stable for a given

composition and temperature. At the far left of the diagram,below 660� C, is a single phase

region of nearly pure solid aluminum. Depending on the temperature, a small amount of
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silicon may be incorporated without changing the phase, though saturation and movement

into two-phase regions occurs with relatively small amounts of silicon. Similarly, at the far

right of the diagram, below 1414� C, is a single phase region of nearly pure solid silicon.

From here, even less aluminum may be added before moving intoa two-phase region, and

so the width of this single phase region is very small (less than the width of the lines in

the diagram). The �nal single phase region in this phase diagram is the liquid region at the

top, which exists at all compositions but at varying temperatures depending on composition.

All other regions in the diagram represent mixtures of multiple phases. At the bottom of

the diagram, we have solid Al-Si, where each location in this region represents a mixture

of solid aluminum and silicon phases. Above this are regions of solid aluminum with liquid

aluminum-silicon (left), and solid silicon with liquid aluminum-silicon (right).

In a typical latent heat storage system, the eutectic composition is used, such that phase

change occurs at a single temperature. In the case of aluminum-silicon, the eutectic com-

position is 12% silicon, as shown in green in Figure 1.2. Starting in the liquid phase region

at this composition and decreasing in temperature, we reachthe eutectic point, where three

phases are in equilibrium: solid aluminum (with a small amount of silicon), solid silicon

(with a small amount of aluminum), and liquid aluminum-silicon. To decrease temperature

from this point, a signi�cant amount of energy must be removed from the material. If this

is done, solid aluminum and solid silicon simultaneously form, with a structure dependent

on how the material is cooled (most common is a lamellar structure). The composition

of each component of the solid aluminum-silicon material isthen given by the purple lines

in Figure 1.2, which follow the saturation lines for the two single phase regions as cooling

continues. However, during typical operation, the temperature will remain near the phase

change temperature, such that heat can be input and removed with high exergetic e�ciency

in combination with an isothermal heat engine.

The above discussion is pertinent because eutectic compositions are the most commonly

considered for phase change materials for latent heat storage. However, o�-eutectic com-
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Figure 1.2: Aluminum-Silicon phase diagram. If the eutectic composition (12% silicon, in
green) is used for latent heat storage, phase change will occur at a single temperature of
577� C. However, if an o�-eutectic composition is used, phase change occurs over a tempera-
ture range (for the blue composition with 27% silicon, this range is from 577-� 800� C), which
could be desirable for certain applications.
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positions could also be used for non-isothermal operation,as shown by the blue line that

represents aluminum-27% silicon (an arbitrary composition) in Figure 1.2. In this case,

starting in the liquid phase region and decreasing temperature, we reach a two-phase region

of solid silicon and liquid aluminum-silicon when we intersect the liquidus line near 800� C.

At this point, regions of solid silicon begin to form within the aluminum-silicon liquid. Re-

moving more heat leads to further temperature reduction, asmore solid silicon forms and the

liquid alumium-silicon becomes more aluminum-rich. This continues until the temperature

reaches the eutectic phase change temperature of 577� C. Here, solid aluminum begins to

form, in addition to the other two phases in equilibrium (solid silicon and liquid aluminum-

silicon with 12% silicon). Cooling beyond this point, we enter the two phase solid region,

which has a higher concentration of solid silicon than in thecase of the eutectic composition.

Considering the full phase transition from liquid aluminum-silicon to the solid solution of

aluminum and silicon, this discussion illustrates how choosing an o�-eutectic composition

allows for combination of both latent and sensible heat storage in a single material, and

interestingly shows that phase change can occur over a rangeof temperatures, which could

be attractive for implementation in a variety of systems.

While the above analysis considers di�erent ways that phase change material could be

deployed, in the rest of this thesis, I focus on systems that use isothermal heat engines,

and therefore on the �rst case that uses eutectic phase change material compositions. For

this application, several reviews provide abundant data for phase change material properties

[36{40]. Among available materials, salts and metals have received the most attention, but

each have their own advantages and challenges. Salts can be low cost materials, but have

low thermal conductivity, which increases the cost of heat exchangers and has encouraged

research on advanced heat exchanger designs and development of other thermal conductivity

enhancements [38, 39, 41{43]. Metals solve this issue because they have high thermal conduc-

tivity, but generally have higher material cost and are verycorrosive: no high temperature

metal phase change material systems have been demonstratedwith enough reliability for
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long-term operation. For both salts and metals, the solid-liquid phase change also presents

di�culty for heat exchanger development, because the conventional method of pumping a

sensible liquid storage material cannot be used. Thus, several alternative solutions have

been experimentally explored, including tube-in-tank heat exchangers using pumped 
uids

[44{46], encapsulated PCMs [47{49], pool boilers [50, 51],and heat pipes [24, 25, 27, 28, 52{

56]. However, both material development and system design centered around latent heat

storage are under signi�cant development, leaving a signi�cant opportunity for technology

advancement in this thesis.

1.7 Scienti�c advancements from this thesis

This thesis has contributed to the advancement of latent heat storage for concentrating

solar power in a variety of ways:

� A broad contribution to the �eld of CSP is given in Chapter 2. In this paper, I

developed a new methodology for evaluating phase change materials for latent heat

storage. My holistic modeling method took in critical PCM properties as inputs,

and used these to calculate LCOE of a solar power tower. I applied the model to

hypothetical materials to quantify the value of each material property, then to real

candidate materials to identify some of the most promising candidates that should be

considered for future development, and also considered thein
uence of heat exchanger

design on overall system success. Importantly, this model was adaptable to many

di�erent CSP design con�gurations, making it widely usefulfor researchers working on

variations of solar power towers.

� Narrowing down from this broad perspective, I then completedperformance modeling

and techno-economic analysis for a new speci�c concept for concentrating solar power

in Chapter 3. This system design combined latent heat storage, a valved thermosyphon,

and a heat engine all on top of a modular solar power tower. My performance analysis

predicted a potential for high exergetic e�ciency, and an annual system e�ciency of
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18%. Most importantly, my techno-economic analysis demonstrated that the concept

had potential for cost-competitiveness with alternative peaking plant technologies.

� In Chapter 4, I built a �rst prototype system to prove that the above-modeled con-

cept would work in practice. The positive results of this prototype included minimal

temperature gradients within the PCM, e�ective on/o� contr ol with high exergetic

e�ciency in the valved thermosyphon, and e�ective integration of subsystems with no

degradation in performance at interfaces.

� A second prototype system, presented in Chapter 5, transitioned from thermoelectric

generators to a Stirling engine for electricity generation,and also improved heater

design and insulation for thermal management. With these changes, I demonstrated

18.5% e�ciency in converting stored heat to electricity, and 8.6% system e�ciency on

a daily basis. This was a� 200� improvement over the �rst prototype, and higher

e�ciency than any previously demonstrated latent heat storage system combined with

electricity generation.

� In Chapter 6, I performed experiments to screen potential containment materials for

Al-Si as a PCM. I helped evaluate thermdynamic and mechanicalstability of metals,

ceramics, and coatings when exposed to a variety of conditions on a variety of surface

geometries. We found that plasma-sprayed ceramic coatingswere e�ective for a short

duration or under constant temperature conditions, but produced mixed results when

exposed to thermal cycles. We were able to use these coatingsfor initial prototype

experiments, but long-term reliability is still a necessary development for future work.
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CHAPTER 2

GUIDELINES FOR PHASE CHANGE MATERIAL SELECTION BASED ON A

HOLISTIC SYSTEM MODEL

A paper under review inSolar Energy Materials and Solar Cells.

Jonathan E Rea,1;2 Eric S Toberer,2 Nathan P Siegel1

The idea for this paper arose from my frustration as I read theexisting literature on

PCMs for CSP. Researchers working in this �eld appeared to beapproaching their material

selection from a very narrow view. They looked at a con�ned class of materials, down-selected

to a desired temperature range based on their chosen power block, then picked a material

with what seemed like high energy density because that wouldhave supposed performance

and cost bene�ts. Some papers would make qualitative comments and would list important

material properties, but still did not perform any quantitative analysis to truly determine

the best material for their system.

One signi�cant take-away from this thesis is the importanceof holistic system modeling.

The design or performance of one component of a system can have a large in
uence on other

components, and thus when designing complex systems, it is very important to consider the

entire system as a whole. To apply this lesson to PCM selection, in this paper I built a new

model to evaluate PCMs for their full impact on LCOE of a CSP plant. This allowed me to

quantify the value of each PCM property, identify leading candidate materials, and illustrate

my point about the importance of holistic system modeling. Iintentionally made my model

as simple as possible, and added detailed discussion of trade-o�s between material selection

and full system design, in the hope that this paper would provide a useful guide to a wide

audience in future research into PCMs for CSP.

1Designed model, performed calculations
2Wrote manuscript
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2.1 Abstract

Concentrating solar power (CSP) has potential to increase the amount of renewable

energy on electric grids and reduce global carbon emissions, in particular because of its

capability to incorporate inexpensive thermal energy storage. To realize this potential, de-

velopment of latent heat storage with phase change materials (PCMs) is attractive because

of its high energy density and low material cost. Research inthis area has identi�ed many

promising materials, and has developed e�ective storage system designs that could be used

to deploy PCMs. However, the �eld has lacked a rigorous methodology to select the opti-

mal material for a particular CSP system. To address this need, here we present a holistic

model that evaluates all important in
uences of PCM properties on the performance and

cost of an entire CSP plant. We apply this model to over 100 of the most widely considered

candidate materials, including both salts and metals. We quantify the relative value of each

PCM property, and identify leading materials for application in CSP systems. This method

and our results may aid future e�orts to develop latent heat storage by providing a more

informed view of how material selection impacts an entire CSP system.

2.2 Introduction

Compared to other carbon-free electricity generation technologies, concentrating solar

power (CSP) can provide very high-value electricity due to its dispatchability. For some

electric grids, CSP has been found to be more than twice as valuable as photovoltaics [19].

This advantage of CSP comes from its ability to incorporate inexpensive thermal energy

storage, which currently costs near 20 $/kWh, and may reach future costs of below 15

$/kWh [18]. Based on these low storage system costs, the UnitedStates Sunshot program

has set targets for levelized cost of electricity (LCOE) at 5g/kWh for \baseload" CSP plants

and 10g/kWh for \peaking" CSP plants [57]. If successful, these targets could allow CSP

to compete with other electricity generation or storage technologies, whose levelized costs of

storage are likely to remain near or above 10g/kWh when operated for purposes of peaker
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replacement [13, 58].

To achieve Sunshot cost targets, three di�erent technologypathways are being pursued

for the next generation of CSP [22]. The �rst is an extension of modern state-of-the-art

technology, which uses molten salt as both a heat transfer 
uid and storage media, and

a steam Rankine cycle to convert heat to electricity. To improve upon this technology, a

transition to higher temperatures (requiring new materials) and a super-critical CO2 Brayton

cycle could increase conversion e�ciency and therefore reduce system costs. In a second

CSP technology pathway, solid particles are used both to collect and store heat. This

technology has not yet been demonstrated commercially, butappears to have potential for

future success [59]. The third CSP technology pathway uses agas-phase receiver, and may

incorporate a variety of methods for energy storage and power generation. Here, latent heat

storage with phase change materials (PCMs) has received attention due to its high energy

density and resulting potential for low material and storage system cost. This type of system

with latent heat storage would be best matched to an isothermal heat engine for electricity

generation, but cascaded systems with multiple PCMs at di�erent temperatures could also

be implemented with other power cycles (such as the super-critical CO2 Brayton cycle) with

high exergetic e�ciency [60, 61].

Within latent heat storage research, many previous studies have established material

properties for potential PCMs [36{40]. Other studies have investigated methods for e�ec-

tively integrating PCMs into storage systems. Heat exchanger design is critical, and several

concepts have been proposed that use heat pipes [24], graphite or metal foams [62, 63], or

encapsulation [48, 49, 64] to enhance the thermal conductivity of PCMs or reduce heat ex-

changer costs. Also critical are reliable containment systems that can ensure long system

lifetime. As such, additional studies have explored material compatibility between PCMs

and containment materials [40, 65{67].

While this previous work has e�ectively identi�ed some potential materials and storage

system designs, what the �eld lacks is a holistic methodology for selecting the optimal PCM
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for a particular system. Previous e�orts have generally selected candidate materials based

on limited comparisons of some, but not all important material properties [68, 69]. Several

studies have extended their analysis to the entire storage system [70, 71], but still did not

consider the in
uence of PCM selection on the rest of the CSP plant. Wei et al [72] provided

a comprehensive review of this �eld of research, but importantly identi�ed the lack of an

integrated study for PCM selection that considers all properties and their in
uence on the

entire system.

Ideally, material selection would be based on a holistic model that optimizes a detailed

system design to minimize LCOE. This model would be applied to each available material

to make an even comparison between options. However, detailed system design is costly,

takes a long time to develop, and may be in
uenced by the material selection itself. As

an alternative solution, in this paper we present a simpler modeling methodology that is

computationally inexpensive but still considers the in
uence of all material properties on

the most important overall system metric, LCOE. This provides rapid insight regarding the

value of di�erent material properties, and can be used to improve selection of a PCM for

CSP.

In Section 2.3 of this paper, we qualitatively discuss the critical properties of PCMs,

and their general in
uence on overall CSP system performance and cost. In Section 2.4, we

establish a performance and cost model for a solar power tower that uses latent heat storage.

We then execute this model in Section 2.5 with hypothetical ranges for PCM properties, in

order to quantify the in
uence of each property on the overall system LCOE. Finally, in

Section 2.6, we apply our model to real materials, in order toidentify leading candidate

materials and further investigate the e�ects of material selection on CSP systems.

2.3 Critical phase change material properties

When selecting phase change materials for concentrating solar power applications, sev-

eral material properties are critical for successful system design and minimization of overall

system cost. These properties, and their in
uence on the overall system, are:
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� Melting temperature . The melting temperature of the PCM must match the de-

sired temperature of the system, including the power block,receiver, and other compo-

nents. One trade-o� is that higher temperature operation improves thermal-to-electric

conversion e�ciency, but reduces receiver and storage e�ciencies (or increases cost of

mitigating losses). High temperatures can also be cost-prohibitive because they require

expensive high-temperature materials for containment or heat transfer components.

� Material cost . The storage material can be a signi�cant portion of the storage cost,

and many materials are too expensive for a successful overall system, regardless of their

thermal properties.

� Energy density primarily on a volumetric basis, though gravimetric energydensity

may be an important consideration in some cases (for example, if storage is located

on top of a tower [73]). A high energy density means that a smaller volume of storage

material is required; this reduces both containment and heat exchanger costs.

� Thermal conductivity . A high thermal conductivity material requires less heat ex-

changer surface area or leads to a smaller temperature drop through the PCM while

charging or discharging the storage system. This reduces heat exchanger cost or im-

proves power block and receiver e�ciency.

� Material compatibility . The cost of containment can be a primary driver of storage

cost, if expensive coatings must be applied or specialty materials must be used to

prevent corrosion. Some materials have no existing solution for long-term reliable

containment.

A wide array of materials have been studied for latent heat thermal energy storage,

though within the temperature range typically considered for concentrating solar power, the

two primary classes of materials are salts and metals. Figure2.1 shows the critical properties

for a near comprehensive list of these materials in a temperature range between� 300-1500
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Figure 2.1: Critical thermal properties for salts and metalsthat may be considered as PCMs
for CSP. Filled circles indicate materials with thermal conductivity above 10 W/mK (metals),
and open circles represent materials with thermal conductivity below 10 W/mK (salts, mostly
below 2 W/mK). Within these two material classes, a large number of materials are available
with a wide range of thermal properties. However, the relative value of each property is
di�cult to quantify, and the trade-o�s between di�erent mat erial choices are not evident from
simply comparing these properties. Thus, a cursory look at these properties is insu�cient
to identify the best material for a speci�c application.
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� C [36]-[40],[74]-[75]. For salts, we include most materials with cations of Li, Be, Na, Mg,

K, Ca, Rb, Sr, Cs, and Ba, and anions of hydride, hydroxide, carbonate, nitrate, phosphate,

sulfate, 
uoride, chloride, bromide, and iodide. For metals, we include Be, Mg, Al, Si, Ca,

Mn, Fe, Co, Ni, Cu, Zn, Ge, As, Sr, Ag, Sb, Te, Au, and Pb. For both salts and metals, we

also include many binary eutectic mixtures of these materials, and select ternary eutectics

as well.

Figure 2.1 shows that there are a large number of candidate materials available for con-

sideration, with a wide range of thermal properties. Using this data, a simple approach to

selecting a material for a CSP application would be to constrain the search to a desired

temperature range, then choose a material that appears to have a good combination of low

material cost and high energy density. However, this method will not necessarily choose the

best material, because it does not quantify the relative value of each property, or consider

the in
uence of all material properties on the overall performance and cost of the system. To

make a fully informed material selection requires development of a holistic system model that

takes all material properties as inputs and determines levelized cost of electricity (LCOE) as

an output. That is what we aim to provide in this paper: a simple full system model that

can be used to improve searches for PCMs for CSP.

2.4 Holistic system model

In this section, we develop a system-level performance and cost model of a solar power

tower plant that incorporates latent heat thermal energy storage with a single PCM. Model

inputs include PCM properties and several performance and cost assumptions; the key output

is LCOE. The model is simple enough to be easily reproduced ormodi�ed, but su�ciently

re�ned such that potential PCMs may be compared and each critical PCM property may be

evaluated for its in
uence on overall system performance and cost.
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2.4.1 LCOE

The LCOE of the solar power tower plant is given in Equation 2.1:

LCOE =
Ctotal CRF + FO&M

8760CF
+ V O&M (2.1)

where Ctotal is the total system capital cost,CRF is the capital recovery factor,FO&M

is the �xed operation and maintenance cost,CF is the capacity factor, andV O&M is the

variable operation and maintenance cost. In this model,CF is taken as an assumption, and

CRF is calculated as

CRF =
i(1 + i )n

(1 + i )n + 1
(2.2)

where i is the annual interest rate andn is the number of years that the plant operates.

The remaining terms in Equation 2.1 (Ctotal , FO&M , and V O&M ) depend on several more

assumptions, as well as the in
uence of PCM properties on performance and cost of many

components. We model and discuss these e�ects in the following subsections.

2.4.2 Total system capital cost

The total system capital cost,Ctotal , is the sum of several subsystem costs, scaled by the

design power output of the plant, _We, and a capital cost factor,CCF, that includes tax,

engineering, procurement, and contingency costs:

Ctotal =
(Cstorage + CP B + Ccollection )

_We
CCF: (2.3)

In Equation 2.3, Cstorage is the cost of the storage system,CP B is the cost of the power

block, and Ccollection is the cost of the solar collection system. The solar collection system

cost is divided into several components in Equation 2.4:

Ccollection = Cland + Cf ield + Ctower + Cr (2.4)

where Cland is the cost of the land where the CSP plant is placed,Cf ield is the cost of the

heliostat �eld, Ctower is the cost of the tower, andCr is the cost of the receiver. Similarly,
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storage cost is divided into its component costs in Equation2.5:

Cstorage = CP CM + CHX + Ctank (2.5)

whereCP CM , CHX , and Ctank represent the costs of the PCM material, heat exchanger, and

storage tank(s), respectively.

2.4.3 PCM cost

The cost of the PCM is simply the speci�c cost of the material,cP CM , in units of $/kWh,

scaled by the amount of thermal storage,Estorage , in units of kWh:

CP CM = cP CM Estorage : (2.6)

The amount of thermal storage in the plant can be estimated from the design thermal

power of the power block, _QP B , and the duration of storage,dstorage :

Estorage = _QP B dstorage (2.7)

where _QP B depends on the design power output_We and e�ciency � P B of the power block:

_QP B =
_We

� P B
: (2.8)

In this estimate ofEstorage , we have neglected any losses from the thermal storage system

during discharge, which would typically be very small (� 1%) for CSP systems.

For most power block technologies, e�ciency is relatively constant as a percentage of

Carnot e�ciency, f P B [33]. This allows the power block e�ciency to be described asa

function of its hot and cold side temperatures,Th and Tc:

� P B = f P B

�
1 �

Tc

Th

�
: (2.9)

The hot side temperature of the engine depends on the meltingtemperature of the PCM,

Tm , the temperature drop through the PCM during discharge, �TP CM;d , and the temperature

drop through the heat exchanger between the PCM and the powerblock during discharge,

� THX :

Th = Tm � � THX � � TP CM;d : (2.10)
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Similarly, the cold side temperature of the engine depends on the ambient temperature,

Tamb, and the temperature di�erence from the heat exchanger at the cold side of the power

block, � THX;rej :

Tc = Tamb + � THX;rej : (2.11)

Combining Equations 2.6 - 2.11, the cost of the PCM is then

CP CM = cP CM

_Wedstorage

f P B

�
1 � Tamb +� THX;rej

Tm � � THX � � TP CM;d

� : (2.12)

In Equation 2.12, most parameters are input as assumptions,with the exception of the

PCM properties that are unique to each material and �TP CM;d , which we optimize for each

scenario and discuss in Subsection 2.4.11. Then, Equation 2.12 shows that the cost of the

PCM depends not only on speci�c material cost, but also on melting temperature and the

temperature drop through the PCM during discharge, which isin
uenced by the thermal

conductivity of the material. This illustrates the importance of considering the in
uence of

all PCM properties on the full system, rather than limiting our study for PCM selection to

just the candidate material itself or the storage subsystem.

2.4.4 Heat exchanger cost

In this model, we estimate the cost of the heat exchanger,CHX , based on the mass of

heat exchanger,mHX , the heat exchanger material cost,cHXmat , and a manufacturing cost

factor, cHXmfg :

CHX = mHX cHXmat cHXmfg (2.13)

where heat exchanger mass can be determined from the volume,porosity, and density of the

heat exchanger, (VHX , pHX , and � HX , respectively):

mHX = VHX (1 � pHX )� HX : (2.14)
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To determine the volume of the heat exchanger, we introduce ade�nition for the area

density (or surface area to volume ratio) of the heat exchanger, � HX , with Equation 2.15:

VHX =
AHX

� HX
: (2.15)

The �nal term needed to estimate heat exchanger cost is the required surface area of the

heat exchanger,AHX . For a given temperature drop through the PCM during discharge,

this can be derived with an assumption that all heat exchanger surfaces are equidistant from

each other. The temperature drop is proportional to the heattransfer rate through the PCM

to the power block, _QP B , and the thermal resistance through the PCM,RP CM :

� TP CM;d = _QP B RP CM : (2.16)

The thermal resistance through the PCM is

RP CM =
LP CM

� P CM AHX
(2.17)

where � P CM is the thermal conductivity of the PCM and LP CM , the characteristic length

for conduction through the PCM, is halfway between heat exchanger surfaces:

LP CM =
VP CM

2AHX
: (2.18)

The volume of the PCM,VP CM , can be calculated as the ratio of the amount of energy

storage in the plant to the volumetric energy density of the PCM, uP CM :

VP CM =
Estorage

uP CM
: (2.19)

Combining Equations 2.7 and 2.16-2.19, and rearranging, the required surface area of the

heat exchanger is:

AHX = _QP B

s
dstorage

2� P CM uP CM � TP CM;d
: (2.20)
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Then, combining Equation 2.20 with Equations 2.8 and 2.13-2.15 , the cost of the heat

exchanger is:

CHX =

 
_We

� P B � HX

s
dstorage

2� P CM uP CM � TP CM;d

! �
� HX (1 � pHX )cHXmat cHXmfg

�
(2.21)

Our heat exchanger cost model in Equation 2.21 is based on twocritical features of

the heat exchanger: area density (or surface area to volume ratio) � HX , and porosity pHX .

This general treatment allows the model to be applied to a wide range of heat exchanger

designs, but still retains two important in
uences of PCM properties on system cost. First,

high PCM thermal conductivity allows heat exchanger surfaces to be placed further apart,

leading to a lower heat exchanger cost. Second, both high thermal conductivity and high

energy density reduce the required heat exchanger volume, which reduces tank size and

therefore tank cost. We also note that the input of �TP CM;d strongly in
uences the required

surface area and resulting cost of the heat exchanger, but also in
uences the temperature of

the solar receiver and the temperature of the heat deliveredto the power block. To make

an even comparison among scenarios with di�erent PCMs, our model optimizes this input

as discussed in Subsection 2.4.11.

2.4.5 Tank cost

For this analysis, we determine tank cost based on the internal volume of the tank and

the speci�c tank cost on a per-volume basis,ctank . The total volume inside the tank is the

sum of the volumes of the PCM and heat exchanger, so:

Ctank = ( VHX + VP CM )ctank (2.22)

where the volumes of the PCM and heat exchanger were previously determined in Equations

2.15 and 2.19. Inspection of these equations shows that highPCM volumetric energy density

and high PCM thermal conductivity lead to low tank costs. Thus, similar to our general

treatment of the heat exchanger, this simple model is adaptable to di�erent tank designs,
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but still retains the important in
uences of the PCM properties on system cost.

In addition to this tank cost, our model also includes the cost of insulation that surrounds

the tank, to quantify the impact of tank size and PCM temperature on both insulation cost

and storage e�ciency. This insulation cost,Cinsulation , is based on the volume of insulation,

Vinsulation , and the speci�c cost of the insulation on a volumetric basiscinsulation :

Cinsulation = Vinsulation cinsulation (2.23)

Assuming all sides and the top and bottom of the storage tank are insulated, the volume

of insulation is:

Vinsulation = �
h2

tank

4
(f 3

ins � 1) (2.24)

wherehtank is the tank height andf ins is the non-dimensional ratio of the outer radius of the

insulation to the outer radius of the tank. To determinehtank , we assume that tank height

is equal to tank diameter (which minimizes surface area for heat losses), such that:

htank =

"
4
�

�
VP CM + VHX

�
#1=3

: (2.25)

Then, using Equations 2.23-2.25 and previously calculatedVHX and VP CM , our model

estimates the cost of insulation and includes this with tankcost.

2.4.6 Power block cost

In most cost models, power block cost is expressed on a cost-per-watt-electric basis. From

an alternative perspective, a power block may be designed for a thermal power rating, and

its power output depends on its e�ciency, which in turn depends on its hot and cold side

temperatures. In this method, we have:

CP B = _QP B cP B (2.26)
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where cP B is the power block cost on a per-watt-thermal basis. Combining Equation 2.26

with previous Equations 2.8-2.11, we then have:

CP B =
_We

f P B

�
1 � Tamb +� THX;rej

Tm � � THX � � TP CM;d

� cP B : (2.27)

In Equation 2.27, our model quanti�es the impact of two PCM properties on power

block cost: (1) higher melting temperature leads to higher e�ciency and therefore lower

cost, and (2) higher thermal conductivity reduces the temperature drop through the PCM

during discharge, which increases the temperature delivered to the power block, thereby

again increasing e�ciency and reducing system costs.

2.4.7 Receiver cost

To determine receiver cost, we adopt the cost model used in the System Advisor Model

developed by the National Renewable Energy Lab [76]:

Cr = Cr;ref

�
A r

A r;ref

� 0:7

(2.28)

whereA r is the area of the receiver, andCr;ref and A r;ref are the cost and area of a reference

receiver design. We estimate the area of the receiver to be:

A r =
_Qreceiver

_qr;max =2
(2.29)

where _Qreceiver is the design thermal power of the receiver and _qr;max is the maximum allow-

able heat 
ux of the receiver. The design thermal power of thereceiver depends on the design

power output, the e�ciencies of the power block and storage system, (� P B and � storage ), and

the solar multiple, SM :

_Qreceiver =
_We

� P B � storage
SM: (2.30)

Combining Equations 2.28 - 2.30, the cost of the receiver is:

Cr = Cr;ref

�
2 _WeSM

_qr;max A r;ref � P B � storage

� 0:7

: (2.31)
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Now, to estimate Cr , the remaining term that has not previously been calculatedis

� storage . Storage e�ciency is the ratio of annual energy that goes to the power block,QP B ,

to the energy that goes into the storage system, which is the sum of QP B and the energy

lost from the storage system,Qstorageloss :

� storage =
QP B

QP B + Qstorageloss
: (2.32)

Thermal losses occur from the storage system at all times, while heat is only transferred

to the power block while it is running. The fraction of time that the power block runs is

given by the capacity factor,CF , so:

� storage =
_QP B CF

_QP B CF + _Qstorageloss
(2.33)

where _Qstorageloss is the rate of heat loss from the storage system. Based on a 1-dimensional

heat loss calculation (assuming that insulation is the primary thermal resistance for heat

loss), we estimate this loss as:

_Qstorageloss =
Tm � Tamb

Rinsulation
; (2.34)

whereRinsulation is the thermal resistance of the insulation that surrounds the storage tank.

Based on parallel thermal resistances on the sides, bottom,and top of the storage tank, we

�nd:

Rinsulation =
�

2�� ins htank

ln(f ins )
+

�� ins htank

f ins � 1

� � 1

: (2.35)

Combining equations 2.33-2.35 and rearranging, we then have storage e�ciency:

� storage =
�
1 +

� P B

_WeCF

�
Tm � Tamb

��
2�� ins htank

ln(f ins )
+

�� ins htank

f ins � 1

�� � 1

: (2.36)

We note that the value off ins in
uences both storage e�ciency and insulation cost, and

must be optimized for each PCM and design scenario in order tomake an even comparison

between potential PCMs. This is discussed in Section 2.4.11. In combination with the

previously calculated� P B and htank , Equation 2.36 can then be used with Equation 2.31
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for calculating receiver cost . Examination of these equations shows that all PCM thermal

properties have an in
uence on receiver cost, which is lowest for a PCM with intermediate

melting temperature, high energy density, and high thermalconductivity.

2.4.8 Tower cost

Following the tower cost model in the System Advisor Model:

Ctower = Ctower;ref e0:0112htower (2.37)

where Ctower;ref is a constant with units of dollars andhtower is the height of the tower in

meters. Based on simulations that we ran using the publicly available software SolarPILOT

[77], we approximatehtower as a function of the thermal power rating of the heliostat �eld,

_Qf ield :

htower = 15:36( _Qf ield )0:4 (2.38)

where _Qf ield , in units of MW, is based on the system design power output, allsubsystem

e�ciencies, and the solar multiple, SM :

_Qf ield =
_We

� P B � storage � r
SM: (2.39)

The only term in Equation 2.39 that we have not previously derived is receiver e�ciency,

� r . For this calculation, we use Equation 2.40:

� r = � r

_Qreceiver

_Qreceiver + _Qr;loss
(2.40)

where � r is the absorptivity of the receiver surface,_Qreceiver is the heat transfer rate from

the receiver to the storage system, and_Qr;loss is receiver thermal loss rate. This loss can be

calculated as the sum of convective and radiative losses from the receiver:

_Qr;loss = hr A r (Tr � Tamb) + �� r A r (T4
r � T4

amb): (2.41)

In Equation 2.41, hr is the heat transfer coe�cient for convection from the receiver, �

is the Stefan-Boltzmann constant,� r is the emissivity of the receiver surface, andTr is the

temperature of the receiver. Combining Equations 2.29 and 2.40-2.41, receiver e�ciency is
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then:

� r = � r

"

1 +

 
2

_qr;max

! 

hr
�
Tr � Tamb

�
+ ��

�
T4

r � T4
amb

�
!# � 1

: (2.42)

The only parameter in Equation 2.42 that is not taken as an assumed input is receiver

temperature. This temperature depends on the melting temperature of the PCM, the tem-

perature drop from the receiver to the thermal storage system, � Tr , and the temperature

drop through the PCM while charging, � TP CM;c :

Tr = Tm + � Tr + � TP CM;c : (2.43)

We take � Tr as a �xed input, and calculate the temperature drop through the PCM

while charging as:

� TP CM;c = � TP CM;d
SM

� storage
: (2.44)

Equations 2.38-2.44 provide all required inputs to tower cost in Equation 2.37. This cost

is lowest when the combination of power block, storage, and receiver e�ciency is highest.

This occurs for PCMs with an intermediate melting temperature, high energy density, and

high thermal conductivity.

2.4.9 Solar �eld cost

The cost of the solar �eld, Cf ield , is the product of the re
ective area of the heliostat

�eld, A f ield , and the speci�c cost of the �eld, cf ield :

Cf ield = A f ield cf ield : (2.45)

We determine heliostat �eld area based on the design power output, all subsystem e�-

ciencies, the solar multiple, and the design solar resource, _qsolar :

A f ield =
_We

_qsolar � P B � storage � r � f ield
SM: (2.46)
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To estimate the e�ciency of the heliostat �eld, � f ield , we use the same SolarPILOT

simulations that we used to determinehtower , and �nd:

� f ield = 0:7e� 0:000183 _Qf ield (2.47)

where _Qf ield is input in units of MW. Now, the cost of the �eld can be written using terms

that have all been previously calculated:

Cf ield =
_We

_qsolar � P B � storage � r � f ield
SMcf ield : (2.48)

In addition to this �eld cost, our model includes the cost of preparing land for placement

of heliostats, and the cost of the land itself. The site preparation cost, Csiteprep , is:

Csiteprep = A f ield csiteprep (2.49)

wherecsiteprep is the speci�c cost of leveling and other necessary preparation for the heliostat

�eld installation. Finally, our model estimates the cost of land, Cland , based on land area,

A land , and the speci�c cost of land,cland :

Cland = A land cland : (2.50)

In Equation 2.50, our estimate of land area is based on the same SolarPILOT simulations

previously mentioned for calculatinghtower and � f ield , with _Qf ield input in units of MW:

A land = 1:37( _Qf ield )1:13: (2.51)

Equations 2.48 - 2.51 show that the cost of the heliostat �elddepends on all subsystem

e�ciencies. This means that all of the PCM thermal properties (melting temperature, energy

density, and thermal conductivity) have an important in
uence on �eld cost.

2.4.10 Operation & maintenance costs

Both �xed and variable operation and maintenance costs for CSP systems depend on

the size of several system components. Following the cost model in the System Advisor

Model, some of these costs are linearly dependent on subsystem size, and others scale less

than linearly such that normalized cost is lower for larger systems. Variable operation and
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maintenance cost,V O&M , includes utilities and other miscellaneous costs. We calculate this

cost based on several reference costs (C1-C5) and the corresponding design power output,

heliostat �eld area, receiver thermal power rating, and energy stored for a reference system

( _We;ref , A f ield;ref , _Qr;ref , and Estorage;ref respectively):

V O&M = C1

 
_We

_We;ref

!

+ C2

 
A f ield

A f ield;ref

!

+ C3

 
_Qr

_Qr;ref

!

+

C4

 
Estorage

Estorage;ref

! 0:7

+ C5

 
_We

_We;ref

! 0:7

:

(2.52)

Fixed operation and maintenance cost,FO&M , is primarily made up of labor costs,

but also includes the cost of mirror washing and other service contracts, and additional

miscellaneous costs. The full equation we use forFO&M has a large number of terms,

so rather than replicate it here, we simply state that this cost depends on the sizes of the

heliostat �eld, receiver, storage system, and power block in a similar fashion to Equation

2.52.

2.4.11 Optimization of � TP CM and f ins

In our model, two important inputs that in
uence overall system performance and cost

are the temperature drop through the PCM during discharge, �TP CM;d , and the ratio of

insulation radius to tank radius, f ins . A larger � TP CM;d reduces heat exchanger cost, but

also reduces the e�ciencies of the power block and receiver.A larger insulation thickness

increases insulation cost, but improves storage e�ciency.Both of these trade-o�s depend

on the temperature and size of the storage system, and thus PCM properties Tm , uP CM ,

and � P CM . Therefore, the best values of �TP CM;d and f ins are di�erent for each PCM, and

these parameters should be optimized so that the model can provide an even comparison

based on how the system would be designed for each PCM. To execute this optimization,

our model runs simulations for a wide range of values of �TP CM;d (in increments of 1� C)

and f ins (in non-dimensional increments of 0.01), and chooses the design that results in the
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lowest LCOE. Our results are then based on the optimal high-level design for each PCM,

allowing for an even comparison among candidate materials.

2.4.12 Model limitations

This model is built to be as simple as possible, while retaining the in
uence of all PCM

properties on performance and cost of all major system components. This makes the model

adaptable and rapid to execute, but means that the model relies on simpli�cations that limit

its accuracy. We make several high-level assumptions, though details in a real application

are much more nuanced. Therefore, the results of our model are useful for exploring general

trends and initial down-selection of potential PCMs, but not for �nal design of a CSP plant.

One potential contribution to cost that is ignored in this model is the cost involved

with PCM chemistry. Some PCMs are highly corrosive to standard construction materials

(in particular, metal PCMs), and additional cost for specialty containment materials or

coatings could have an e�ect on the overall cost results [78]. Other materials are toxic or


ammable, requiring costly handling procedures. For stability, some PCMs may also need

to be contained within inert atmospheres, which would increase containment cost.

2.4.13 Summary of model and assumptions

Table 2.1 provides a summary of assumptions we use in our model. These assumptions

are generally based on the 2030 targets for the Sunshot program, and represent technical

and cost progress that is expected to be achieved by that time. In this paper, we choose to

simulate a \peaking" CSP plant with 6 hours of storage and a capacity factor of 0.4, as one

potential design for future CSP. However, our model could easily be applied to alternative

con�gurations as well.

For some assumptions in Table 2.1, we use cost ranges rather than single input values.

For these assumptions, we use uniform probability distributions to select input values, indi-

cating our uncertainty in component technology progress by2030. Further, some of our cost

inputs depend on operation temperature, which we divide into three temperature ranges that
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correspond to limitations of common structural materials.Steel may be used up to 400� C,

stainless steel may be used up to 650� C, and specialty materials (inconel or ceramics) must

be used for higher temperatures.

Table 2.1: Summary of model assumptions, most of which alignwith Sunshot targets for
2030 CSP peaking plants. Parameters on the left side of the table have a single input value
for all simulations. Parameters on the right side of the table are assigned a random value
within the given ranges for each new simulation with uniformprobability. In this way, our
results provide cost ranges that represent uncertainty in future CSP progress.

Parameter Value Units Parameter Value Units
Tamb 25 � C � HX 300 +/- 200 m2=m3

_qsolar 950 W=m2 pHX 0.75 +/- 0.15
_We 115 MW f P B 0.65 +/- 0.1

dstorage 6 hours � Tr 15 +/- 5 � C
SM 1.6 cf ield 60 +/- 10 $=m2

CF 0.4 cHXmfg 4 +/- 1
A r;ref 1571 m2 csiteprep 10 +/- 2 $=m2

_qr;max 1000 kW=m2 cland 10,000 +/- 2,000 $=acre
hr 5 W=m2K c insulation 100 +/- 25 $=m3

� r 0.94 Ctower;ref 2,100,000 +/- 20% $
� r 0.88 cP B 0.45 +/- 0.05 $=Wt

� THX 10 � C
cHXmat

( if Tm < 400 � C, 1.5 +/- 0.5
� THX;rej 17 � C if Tm < 650 � C, 4 +/- 1 $ =kg
� HX 8000 kg=m3 if Tm > 650 � C, 18 +/- 3
� ins 0.1 W=mK

ctank

( if Tm < 400 � C, 0.62 +/- 25%
n 25 years ifTm < 650 � C, 1.42 +/- 25% $=L
i 0.07 if Tm > 650 � C, 6 +/- 25%
CCF 1.25

Cr;ref

( if Tr < 400 � C, 69,062,500 +/- 10%
if Tr < 650� C, 85,000,000 +/- 10% $
if Tr > 650� C, 159,375,000 +/- 10%

2.5 Model results for varied PCM properties

Here, we apply the modeling framework established in Section2.4 to a single solar power

tower system design with speci�cations and assumptions given in Table Table 2.1. Before

considering real candidate materials, in this section we run > 100,000 simulations for cases

within ranges of possible material properties. This provides results that quantify the relative

value of each PCM property based on its impact on overall system LCOE.
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Figure 2.2: LCOE results for general variation of material properties. (a) Surfaces of constant
LCOE for a material with a melting temperature of 600� C show that all material properties
are important considerations for the overall system LCOE. The slopes in the contour lines of
(b-d) quantify the relative value of each PCM property for a certain situation. (b) assumes
a melting temperature of 600� C and a thermal conductivity of 0.5 W/mK. (c) assumes a
melting temperature of 600� C and an energy density of 500 kWh/m3. (d) assumes a thermal
conductivity of 0.5 W/mK and an energy density of 500 kWh/m3.
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In Figure 2.2, we show results of LCOE as a function of the four critical PCM properties

Tm , uP CM , � P CM , and cP CM (melting temperature, energy density, thermal conductivity,

and material cost). Figure 2.2(a) shows surfaces of constantLCOE, assuming a PCM melt-

ing temperature of 600� C. The shape of each surface then illustrates the relative importance

of each material property for minimizing LCOE. Material cost has a linear in
uence on

LCOE, while the non-linear slopes of the surfaces with respect to energy density and ther-

mal conductivity reveal diminishing returns for improvements in each of these properties.

The symmetry of the surfaces with respect to material cost, energy density and thermal con-

ductivity also demonstrate that each of these material property inputs have an important

impact on overall system LCOE. When selecting a PCM for CSP applications, none of these

properties should be neglected.

Figure 2.2(b) shows a vertical slice of Figure 2.2(a) at a thermal conductivity of 0.5

W/mK. Following the trend from one contour line to another, high energy density and low

material cost lead to low LCOE. Following along a single contour line of constant LCOE (the

slope of the line) quanti�es the value of energy density for the overall system. For example,

a PCM with an energy density of 300 kWh/m3 and a material cost of 5.3 $/kWh results in

an LCOE of 7.2 g/kWh. If comparing with a material that has an energy density of 400

kWh/m 3, the same LCOE corresponds to a material cost of 6.9 $/kWh. Thus, for a starting

material with Tm = 600� C, � P CM = 0.5 W/mK, and uP CM = 300 kWh/m 3, increasing

energy density is worth approximately 1 $/kWh in material cost per 60 kWh/m 3 in energy

density.

Similarly, Figure 2.2(c) shows a vertical slice of Figure 2.2(a) at an energy density of 500

kWh/m 3. Following the trend from one contour line to another, high thermal conductivity

and low material cost lead to low LCOE. Following along a single contour line of constant

LCOE quanti�es the value of thermal conductivity for the overall system. For example, the

contour line for an LCOE of 7g/kWh intersects the thermal conductivity axis near 0.36

W/mK. This contour line shows that an equivalent LCOE could beachieved by increasing
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thermal conductivity to 0.5 W/mK while also increasing material cost to near 1.5 $/kWh.

Therefore, for a material withTm = 600� C, uP CM = 500 kWh/m 3, and � P CM = 0.36 W/mK,

increasing thermal conductivity by 40% is worth about 1.5 $/kWh in material cost.

Lastly, Figure 2.2(d) shows the in
uence of PCM melting temperature on LCOE. The

black vertical lines in this �gure occur at the discontinuities in LCOE that are caused by

transitioning from carbon steel to stainless steel (400� C) and from stainless steel to higher

temperature materials (650� C) for the storage tank and heat exchanger. In addition, as the

PCM melting temperature approaches these transition points, receiver temperature increases

such that the receiver must also be made of more expensive materials, which increases LCOE

sharply. Across the full range of temperatures that we consider, the other primary trade-

o� is that as melting temperature increases, power block e�ciency increases while receiver

e�ciency decreases. Considering all of these e�ects, our model shows that while higher

temperature generally reduces cost within a temperature range, the lowest cost occurs at

intermediate temperatures, where relatively low-cost stainless steel may be used as a material

for storage tank, heat exchanger, and receiver components.A �nal note on Figure 2.2(d)

is that the slopes of the contour lines quantify the value of changing melting temperature.

As an example, within the range of 400-600� C these slopes show that increasing melting

temperature is worth between 0.1-0.2 $/kWh per� C.

The same process followed in the above discussion for Figure 2.2(a)-(d) could be applied

to any material within the range that we consider. For a givenset of material properties,

our system model and Figure 2.2 provides the relative value ofeach material property. This

visualization is valuable for comparing two materials thatmay be very similar with respect

to two material properties, as it would quantify the value ofthe trade-o� between the other

two properties.

2.6 Model results for candidate PCMs

Here we apply our cost model to candidate materials that may beconsidered for latent

heat storage for CSP. The materials that we consider here arethe same as in Figure 2.1,
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with focus on two classes of materials - metals and salts.

2.6.1 Cost breakdown

Figure 2.3 shows the general breakdown of costs for select PCMs that illustrate the impact

of material properties on costs of di�erent subsystems. Comparing the �rst two materials,

Al-Si is one of the most promising metal PCMs, and NaCl represents a characteristic salt.

Considering the storage system costs in Figure 2.3(a), NaCl has a lower material cost than

Al-Si (0.6 $/kWh compared to 15 $/kWh), but much higher heat exchanger cost because of

its lower thermal conductivity (0.49 W/mK compared to 180 W/mK for Al-Si). While both

materials have a relatively similar energy density (289 kWh/m3 for NaCl and 365 kWh/m3

for Al-Si), NaCl has a signi�cantly higher tank cost because its higher melting temperature

(802 vs 577� C, respectively) requires more expensive structural materials. Together, this

leads NaCl to a storage cost of 30 $/kWh, and Al-Si to a storage cost of 16 $/kWh; for our

modeled system, these storage costs contribute about 1 and 0.5 g/kWh to overall system

LCOE, respectively. Moving to power block cost in Figure 2.3(b), using NaCl as a PCM

results in a lower power block cost because its higher melting temperature leads to higher

power block e�ciency (44% compared to 40%). However, this higher temperature also

reduces receiver e�ciency, and the high operation temperature of NaCl means that more

expensive materials must be used for the receiver. Thus, in Figure 2.3(c), the primary

di�erence in collection costs between the two materials is that using Al-Si results in a much

lower receiver cost. Based on the sizes of the storage system, power block, receiver, and

heliostat �eld, the two materials also have very similar operation and maintenance (O&M)

costs. The �nal result in Figure 2.3(b) shows that Al-Si results in a lower overall LCOE

than NaCl (7.0 g/kWh compared to 8.0 g/kWh).

The third material shown in Figure 2.3, Zn-Al, has a very high material cost (72 $/kWh),

and because its melting temperature is relatively low (381� C), choosing this PCM results

in low power block e�ciency (33%). This leads to high power block cost (1.4 $/W) and a

large (and high cost) receiver, storage system, and heliostat �eld. However, low operation
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Figure 2.3: Cost breakdown for select candidate PCMs: Al-Si, NaCl, and Zn-Al. Al-Si has
an intermediate melting temperature (577� C) and high thermal conductivity (160 W/mK),
leading to low heat exchanger (HX) and tank costs. NaCl has a muchlower material cost, but
higher melting temperature and lower thermal conductivity. This low thermal conductivity
leads to high heat exchanger cost, and the high temperature results in high tank and receiver
costs, though it does improve power block e�ciency and therefore reduce power block cost.
In total, this results in a lower LCOE for Al-Si (7.0g/kWh) compared to NaCl (8.0 g/kWh).
The third material shown, Zn-Al, has a much higher material cost, which is its primary
component of storage cost. In addition, its low melting temperature allows for use of low
cost heat exchanger, tank, and receiver materials, but alsoleads to low power block e�ciency
and therefore high power block costs.
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temperature also means that lower cost structural materials may be used. Overall, choosing

Zn-Al as a PCM leads to the highest LCOE (10.2g/kWh) of these three materials.

It is important to note that both the overall LCOE results and the comparisons between

the materials in Figure 2.3 depend not only on the PCM properties, but also on our assump-

tions for the rest of the system. The sensitivity of LCOE to these assumptions is discussed

in Section 2.7.

2.6.2 LCOE results for all candidate PCMs

In Figure 2.4, we show LCOE results that reveal some of the mostattractive materials for

further development in CSP systems. In this �gure, materials are separated into temperature

ranges that correspond to the limitations of storage tank, heat exchanger, and receiver

materials: carbon steel up to 400� C, stainless steel up to 650� C, specialty containment

materials such as inconel or ceramics for higher temperatures, and a �nal separation for

PCMs at very high temperatures (over 1,000� C). The range of LCOE results for each material

are based on 1,000 simulations using the range of model inputs given in Table Table 2.1.

Because we use a range of performance and cost inputs, these results give an estimate of

the range of possible LCOE values that may be achieved with use of each PCM, based on

potential developments in CSP technology. The middle line in each box indicates the median

LCOE, while the bottom and top of the boxes represent the 25th and 75th percentiles, and

the whiskers extend to the full extent of the range of our LCOEresults.

Considering di�erences in LCOE results for materials with di�erent melting temperatures,

Figure 2.4 shows that the intermediate temperature range of 400-650� C results in the lowest

LCOE values. In this range, the system realizes a high combination of power block and

receiver e�ciencies, and is able to take advantage of a�ordable structural materials. At

lower temperatures, the size of the storage system, receiver, and �eld must be very large to

compensate for low power block e�ciency. At higher temperatures, transitioning to more

expensive materials for the storage tank, heat exchanger, and receiver is not worth the

increase in power block e�ciency. However, these trade-o�s lead to only minor di�erences
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Figure 2.4: LCOE results based on the top candidate PCMs in each temperature range
that we consider. The range of LCOE results for each materialis based on the range
of model inputs in Table Table 2.1. The middle line in each boxindicates the median
LCOE for the material, while the bottoms and tops of the boxesrepresent the 25th and 75th

percentiles, and the whiskers extend to the full extent of the range of LCOE results. Green
boxes indicate materials with thermal conductivity over 10W/mK (metals) and blue boxes
indicate materials with lower thermal conductivity (salts). The even distribution of both
material classes shows that each has potential for future application in CSP systems.
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in LCOE results. This means that a wide array of materials in di�erent temperature ranges

have potential for successful development in CSP systems.

Figure 2.4 also shows that both material classes (metals in green and salts in blue) could

be used in CSP systems with a competitive LCOE. Metals have the advantage of high thermal

conductivity, and some salts have exceptionally low material cost; the net result is that both

material classes still present opportunities for development. Within metals, we �nd that

alloys of aluminum, magnesium, and silicon result in the lowest LCOE. Within salts, the

best materials appear to be chlorides or 
uorides, which generally have lower material cost

and/or higher energy density than other salts.

For additional insight into the relationship between PCM properties and LCOE for real

materials, we consider Figure 2.5. Here, there is a general trend that higher energy density

and lower material cost lead to lower LCOE. Also, similar to inFigure 2.4, the best materials

appear to be aluminum, magnesium, and silicon metal alloys and chloride and 
uoride salts.

However, PCMs with a wide range of energy densities and material costs result in comparable

LCOEs, due to di�erences in melting temperature and thermalconductivity that impact the

performance and cost of the rest of the system. This illustrates the importance of considering

all material properties, including their in
uence on the full system design and cost. By doing

so, our holistic system model provides a valuable method forcomparing and selecting PCMs

for CSP.

2.7 In
uence of heat exchanger design and other factors

The results given in Sections 2.5-2.6 are highly dependent on the assumptions in our

model. We have made an e�ort to tailor these assumptions towards performance and cost

targets that are expected to be met by the CSP community by 2030, though signi�cant

advancements in certain areas may shift the paradigm that wehave presented.

As one example, our results depend greatly on development of heat exchanger designs.

A simple shell-and-tube heat exchanger may have an area density (or surface area to volume

ratio), � HX , of near 100-200 m2/m 3, while \compact" heat exchangers are typically de�ned
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Figure 2.5: LCOE results for candidate PCMs against their energy density and material cost.
While high energy density and low material cost generally lead to low LCOE, materials with
wide ranges of these properties produce very similar LCOE results due to di�erences in
thermal conductivity and melting temperature. This illustrates the value of our holistic
model that considers all material properties and their in
uence on the overall system.

46



as those with � HX over 400 m2/m 3, and bio-inspired heat exchangers have been designed

with � HX as high as 10,000 m2/m 3 (one of the highest� HX that has been observed in

nature is 17,500 m2/m 3 for human lungs [79]). Porosities for heat exchangers typically range

from 0.6-0.9, but high porosity values may be di�cult to achieve for heat exchanger designs

with high � HX . Figure 2.6 shows the impact of this potential range of heat exchanger

development on storage cost and LCOE of a CSP system using onecandidate PCM, NaCl.

Salts such as this one, due to their low thermal conductivity, are particularly sensitive to

heat exchanger design because heat exchanger cost makes up asigni�cant fraction of the

overall system cost. With NaCl as a PCM, a simple heat exchangerdesign with a low� HX

results in a high storage system cost because it uses a lot of material (leading to high heat

exchanger cost) and displaces a large amount of volume (leading to high containment cost).

A heat exchanger with a low� HX also leads to a larger temperature di�erence through

the PCM during charging and discharging, which reduces the e�ciency of the power block

and receiver. However, development of advanced heat exchanger designs or creative ways to

increase e�ective thermal conductivity of salt materials could drastically reduce these costs.

Figure 2.6 shows that this would result in much lower storage cost and LCOE that would

out-compete most metal materials, whose LCOE is much more weakly in
uenced by heat

exchanger design.

As another example of the in
uence of our assumptions on the relative LCOE of CSP

systems that use di�erent PCMs, high temperature structural material development could

enable low cost receiver, containment, and heat exchanger designs at higher temperatures.

This would allow CSP systems to take advantage of higher power block e�ciency, and would

make higher temperature materials more attractive compared to those that we have presented

as the best materials thus far.

For a more complete sensitivity analysis, Figure 2.7 presents standardized regression

coe�cients [80] for the nine parameters that we varied in ouranalysis that have the strongest

in
uence on LCOE. These coe�cients represent the number of standard deviations that
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Figure 2.6: In
uence of heat exchanger design on (a) storage cost and (b) LCOE for a CSP
system that uses NaCl as a PCM. Transitioning from a simple to an advanced heat exchanger
design can signi�cantly reduce storage cost and the resulting LCOE for a CSP system that
uses a salt material with low thermal conductivity.

48



LCOE would change for a standard deviation increase in the respective input parameter.

Negative values mean that if the input parameter increases, then LCOE decreases. From

top to bottom, these parameters are sorted by their average magnitude across all materials

we simulated. This analysis reveals that the most importantassumption in our model is

the percentage of Carnot e�ciency that the power block achieves, f P B . This power block

e�ciency has a large in
uence because it impacts the size, and therefore cost, of all system

components. We also �nd that the speci�c costs of the power block,cP B , and the concentrator

�eld, cf ield , have a large in
uence on LCOE because they make up signi�cant portions of

the overall cost. In addition, several aspects of the heat exchanger in
uence LCOE strongly,

including the area density (� HX ), porosity (pHX ), manufacturing cost factor (cHXmfg ), and

material cost (cHXmat ). This is especially true for NaCl and other materials with low thermal

conductivity. In these cases, the heat exchanger represents a larger portion of the overall

system cost, and more strongly impacts the temperatures andresulting e�ciencies of the

power block and receiver. Compared to metals, the future potential success of salt materials

in CSP systems then more strongly depends on advancements inheat exchanger design.

2.8 Conclusion

In this paper, we have developed a new holistic system model of a CSP plant with latent

heat storage. This model takes inputs of plant design, performance assumptions, and cost

assumptions, then calculates LCOE based on PCM properties.We �rst applied this model to

hypothetical variations in PCM properties, and quanti�ed the relative value of each property.

Then, we applied the model to speci�c candidate PCMs, which revealed the materials that

are most attractive for CSP development, and provided insight into the trade-o�s between

di�erent types of materials.

Our model involves several high-level assumptions, and theresults depend on the spe-

ci�c system design. Thus, we completed sensitivity analysis to determine the in
uence of the

most important input parameters on the overall system LCOE.We also note that alternative

con�gurations for the receiver, storage, and power block subsystems could be considered. For
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Figure 2.7: Standardized regression coe�cients for the top nine input parameters that in-

uenced our modeled LCOE outcomes. Power block fraction of Carnot e�ciency, f P B , is
the input with the strongest impact on LCOE because it determines the size and resulting
cost of all system components. Several aspects of heat exchanger design are also critical,
especially for salt materials with low thermal conductivity such as NaCl.
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example, storage could be located on top of the tower, which would modify tower require-

ments and cost. Additionally, latent heat storage is best matched to isothermal heat engines

(such as Stirling engines), though other power cycles that operate with variable temperature

(steam Rankine, super-critical CO2 Brayton) could employ a cascaded latent heat storage

system with multiple PCMs. These alternative designs wouldrequire a modi�ed system

model to evaluate the in
uence of PCM properties on overall system performance and cost.

This work shows the value of holistic system modeling when selecting a PCM for a

CSP application. Several PCM properties (melting temperature, energy density, thermal

conductivity, and material cost) all in
uence storage cost, but importantly, also impact the

cost of other subsystems which can have an even stronger in
uence on the overall success

of the system. By considering these e�ects, our model and results can be used by engineers

and plant designers to improve selection of PCMs for CSP.
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CHAPTER 3

PERFORMANCE MODELING AND TECHNO-ECONOMIC ANALYSIS OF A

MODULAR CONCENTRATED SOLAR POWER TOWER WITH

LATENT HEAT STORAGE

Modi�ed from a paper published inApplied Energy [73].

Jonathan E Rea,3;4;5;6 Christopher J Oshman,3;4;5 Michele L Olsen,3 Corey L Hardin,3 Greg

C Glatzmaier,3;4;5 Nathan P Siegel,3;4;5 Philip A Parilla, 3 David S Ginley,3 Eric S Toberer3;6

In this paper, we established a new concept for a modular, dispatchable solar power tower.

This concept was our answer to: \what is the best way to combine latent heat storage with

CSP at a small scale?" This paper also provided a fairly comprehensive summary of my

performance modeling and techno-economic analysis of thisconcept.

The standard limitation of small scale power systems (< 10 MWe) is low power block

e�ciency: at our temperatures, we predicted 30% e�ciency with a Stirling engine compared

to the conventional 45% e�ciency for a large steam Rankine cycle. However, we found

that our design made up for this de�ciency in a few ways. First,the optical e�ciency

of our 0.76 MWt heliostat �eld was 30% higher than large �elds, due to lower cosine and

attenuation losses. Next, by combining our receiver and thermal storage tank into a single

unit, we e�ectively eliminated an entire subsystem that traditionally makes up � 20% of

total system cost. Our valved thermosyphon design also enabled dispatchability with passive

controls, which reduced operation and maintenance requirements. From these results, we

demonstrated the potential of our concept to match performance and cost of large CSP, but

at a small scale, where it could be cost-competitive with alternatives of PV with batteries

and natural gas combustion turbine plants (if we could buildit - see Chapters 4 and 5).
3Concept development
4Designed model
5Performed calculations
6Wrote paper
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3.1 Abstract

In this paper, we present performance simulations and techno-economic analysis of a

modular dispatchable solar power tower. Using a heliostat �eld and power block three

orders of magnitude smaller than conventional solar power towers, our unique con�guration

locates thermal storage and a power block directly on a towerreceiver. To make the system

dispatchable, a valved thermosyphon controls heat 
ow froma latent heat thermal storage

tank to a Stirling engine. The modular design results in minimal balance of system costs

and enables high deployment rates with a rapid realization of economies of scale. In this

new analysis, we combine performance simulations with techno-economic analysis to evaluate

levelized cost of electricity, and �nd that the system has potential for cost-competitiveness

with natural gas peaking plants and alternative dispatchable renewables.

3.2 Background

The decreasing cost of wind turbines and photovoltaic panels (PV) is driving rapid de-

ployment of renewables on electric grids around the world. Notably, renewable electricity

in the United States is predicted to double from 2013 to 2040 [81]. However, the inher-

ent variability (intermittency and diurnal cycle) of wind and solar presents a signi�cant

challenge. Such variable generation strains the grid by requiring other electricity sources

to adjust output to match demand. This adjustment is di�cult for today's United States

grid that is largely made up of in
exible base load power generators (e.g. nuclear, coal)

with just a small subset of generation coming from peaking power plants (mostly natural

gas). Figure 3.1 highlights this di�culty, and a study by the National Renewable Energy

Laboratory [5] quanti�es its potential future impact: when solar PV provides 22% of total

electricity generation to the western United States grid, 50% of annual electricity generation

from each additional unit of PV must be curtailed because large non
exible power sources

cannot decrease output. Thus, if renewables are to continuegrowth, the current grid system

must change.
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Figure 3.1: (a) Daily peak solar PV output on the California Independent System Operator
grid has been growing at� 1.6 GW/yr since 2012. (b) As a result, net demand (after taking
into account solar and wind electricity production) is projected to drop in the middle of
the day, leading to overgeneration and high ramp rates. Hourly net demand for 2011-2016
is from publicly available data (Supplementary Figures 1-4). Curves for 2018 and 2020 are
extrapolated from 2016 data based on projected growth in demand and installation of wind
and solar.
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The current most economic solution to the intermittency of renewables would be a reduc-

tion of existing base load generation and addition of natural-gas peaking plants to increase

grid 
exibility and allow for 
uctuations in PV output. Alter natively, energy storage could

allow grid operators to time-shift production from renewable resources to times of high elec-

tricity demand. Existing technologies include pumped hydroelectric (93.6% of current United

States grid storage capacity [82]), thermal (3.4%), electro-chemical (2.4%), and compressed

air (0.5%) energy storage. However, these existing grid storage options account for only

2.1% of total electricity capacity in the United States, in contrast to the 43% from natural

gas plants [81, 82]. Further, the mature technologies in this group (pumped hydroelectric,

compressed air) have barriers to future growth; common challenges include low energy den-

sity, geological and environmental concerns, high installation cost, and slow manufacturing

learning curves [82{84]. This means that, in the pursuit of a100% renewable energy grid,

there is a tremendous opportunity for new, innovative energy storage technologies to grow

and make an impact on the future grid.

Emerging technologies that may provide grid 
exibility include electrochemical batter-

ies, electrolyzers coupled to fuel cells, and thermal energy storage with concentrated solar

power. In 2016, electrochemical batteries represented� 0.05% of grid capacity in the United

States[81, 82]. Several battery technologies are currently receiving signi�cant investment,

and the United States Department of Energy aims to reduce levelized cost of electricity

(LCOE) from > 20 down to 10g/kWh [85{88], or to 14 g/kWh for the combination of bat-

teries with PV [89]. While this cost goal is competitive for many applications, it may be

di�cult to reduce capital costs from near 300 to below 150 $/kWh within the next few years

[15, 16, 86{89], with raw material costs that add up to over 100 $/kWh [15]. Similar to

electrochemical batteries, renewable electricity may be coupled to electrolyzers that produce

chemical fuels that can later be used for electricity generation by fuel cells. However, fuel

cell storage systems have levelized costs ranging from 18-50 g/kWh [17, 90], and high capital

costs will have to be reduced in order to reach competitive prices.
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Signi�cant e�orts to develop thermal energy storage (TES) with concentrated solar power

(CSP) are also underway. Fundamentally, thermal energy storage appears to be a low cost

method: current TES capital costs are 20-25 $/kWh, and the United States Sunshot program

has set a target of 15 $/kWh by 2020 [18, 91]. These values are well below the cost of battery

storage even after accounting for the e�ciency of converting heat to electricity. Integration

into CSP plants has already led to full system costs near the 2020 Sunshot goal of 6g/kWh

[92], and several pathways for further development have been proposed [22].

Current state-of-the-art CSP tower storage systems use molten salt for sensible heat

storage. The next generation of this technology is being developed to operate at elevated

temperatures, using high temperature salts and a supercritical CO2 power cycle to increase

power block e�ciency [18, 22]. Alternatively, particle-based storage and receivers have po-

tential to enable high power block temperatures with lower cost materials, and may use

particles both as a storage media and receiver heat transfer
uid [59, 93]. A third direction

that future CSP systems may move towards is in the use of phasechange materials (PCMs)

for latent heat thermal energy storage. This method has advantages of increased energy den-

sity, isothermal operation, and potential to reduce cost [36, 37, 39]. Some latent heat storage

designs use salt PCMs, and research e�orts are working to improve their e�ective thermal

conductivity with heat transfer enhancements [38, 43]. Other designs use metal PCMs, which

have higher thermal performance, but require solutions to corrosion issues [28, 44, 94]. Both

salts and metals have been considered for encapsulation within hollow spheres [49, 95], and

many heat exchanger designs involve heat pipes [96]. Most development of latent heat TES

has been limited to laboratories, but includes system-level demonstrations that include both

PCMs and heat pipes [25, 51, 97, 98]. Even more nascent, thermochemical energy storage

also has the potential for low cost storage [99].

Successful advancements in CSP and TES could provide a solution to the intermittency

of PV and wind and their subsequent need for complementary energy storage. However, a

major challenge for existing CSP is that traditional designs require plant sizes of over 100
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MW electric to reach high e�ciency and low cost, which leads to initial capital investments

of over $1B [18, 100]. This makes it di�cult to secure �nancing, and limits the technology

to utility-scale markets. In recent years, several companies (e.g. eSolar, Graphite Energy,

Vast Solar, Aora Solar) have developed creative designs thatemploy smaller scale towers and

non-traditional receiver and storage systems. However, there has been limited commercial

success or development beyond initial pilot plants for these small systems. This means that

signi�cant opportunities remain for new CSP system designsto incorporate TES at a small

scale and low cost.

In this paper, we present new analysis of a CSP design that could act as a renewable

peaking plant with high modularity and low cost. Figure 3.2 shows our proposed con�gu-

ration with latent heat thermal energy storage and a power block integrated in the same

location on top of a small solar power tower. This con�guration leads to a compact de-

sign with minimal parasitic losses and operation and maintenance requirements. We have

previously presented preliminary versions of this concept[101] with initial techno-economic

analysis [102] and subsystem thermal modeling [103]. In this paper, we build upon these

e�orts with a far more detailed model of performance and cost. We begin by describing

the design choices and modeling that led to a re�ned low-costdesign of this system. We

present thermal and techno-economic analysis that evaluates the performance of the system.

We conclude that the system has the potential to produce renewable dispatchable electricity

at prices comparable to natural gas peaking plants and alternative renewable dispatchable

technologies.

3.3 Design con�guration

The design con�guration that we consider for this analysis is depicted in Figure 3.2 and

is hereafter referred to as STEALS (Solar Thermal to Electricity via Advanced Latent heat

Storage).

A heliostat �eld re
ects sunlight onto a solar receiver that is elevated by a steel truss

tower. The entire thermal system is located on top of the tower. The receiver design is
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Heliostat �eld
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Thermosyphon
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Figure 3.2: (a) The Solar Thermal to Electricity via Advanced Latent heat Storage
(STEALS) design integrates latent heat thermal energy storage, a thermal valve, and a
Stirling engine on top of a small scale solar power tower. (b)Heliostats re
ect sunlight
through a cavity receiver to the bottom of a thermal storage tank that is �lled with a phase
change material (PCM). Sodium heat pipes are embedded in thePCM, and extend verti-
cally from the receiver to the top of the storage tank to passively distribute heat through the
storage system. The top of the heat pipes interface with the evaporator of a thermosyphon-
based thermal valve. In this thermal valve, liquid sodium evaporates, travels up through
vapor tubes (red arrows), and condenses on the heater head ofthe Stirling engine. Liquid
sodium then returns to the evaporator through a return funnel (blue arrows). To regulate
electricity output, opening or closing a valve throttles the 
ow of sodium and controls the
heat 
ow from the storage to the power block. Here we consider systems ranging from 0.1
to 1 MWelectric , which would involve multiple Stirling engines in parallelon a single tower.
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an optical cavity with an aperture that allows concentratedsunlight to be incident on the

solar absorber (the bottom of the thermal energy storage (TES) tank). To transfer heat

into and out of TES, sodium heat pipes are attached to the top of the tank and extend

down through the phase change material (PCM) to the solar absorber. These heat pipes

spread into a 
attened conical shape at the top and bottom of the tank to maximize surface

area for e�cient heat transfer with adjacent subsystems andare mechanically connected

only at the top of the tank to minimize risk of failure due to stresses that occur during

thermal cycling. Here we use the aluminum-silicion (Al-Si) eutectic alloy as a PCM because

of its melting temperature, high energy density, high thermal conductivity, and low cost.

To protect stainless steel construction materials from corrosion, all surfaces of the storage

tank and heat pipes that are exposed to PCM are coated with a ceramic coating that

is deposited by a plasma-spray method [78]. Our initial laboratory testing demonstrates

that several ceramics (yttria-stabilized zirconia, magnesia-stabilized zirconia, alumina) can

reliably prevent corrosion with Al-Si at temperatures above600 � C. The storage tank is

insulated using a standard kaowool insulation material.

The key to dispatchability of this system is the ability to control when heat 
ows from

the TES to the Stirling engine. Alternative to pumping a heat transfer 
uid through the

TES tank, our method of controlling heat 
ow uses a valved thermosyphon ("Thermosyphon

thermal valve" in Figure 3.2(b)). In the \on" state, a working 
uid (liquid sodium) evapo-

rates at the thermosyphon evaporator (which is the same as the top surface of the TES tank).

It then travels to the Stirling engine at the top of the thermosyphon because of the pressure

di�erence created by evaporation. At the Stirling engine, the working 
uid condenses as it

releases its latent heat, and returns to the evaporator by gravity through a liquid return

pipe in the center of the thermosyphon. In the \o�" state, the liquid return is blocked by a

shut-o� valve, and once all working 
uid has collected abovethis shut-o� valve, the working


uid ceases to transfer heat. This thermal valve design is able to transfer high heat 
uxes

with very small temperature drops in the \on" state, and is highly insulating in the "o�"
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state [103].

By tightly integrating system components in the same location on top of the tower,

pathways for heat are very short which minimizes exergetic losses (both heat losses and

temperature drops) from the solar receiver to the power block. Tower-based storage with

passive heat transfer via heat pipes also eliminates the capital and operational costs of

piping and pumps that are required in conventional solar power tower designs that locate

their energy storage and power block on the ground. The penalty for suspending much of

the system on top of the tower in our design is that structuraltower cost increases because

of the large mass that must be supported. In our analysis, this sets a limit on the relevant

scale of this system to 1 MWelectric , based on existing towers built for wind turbines (see

Supplementary Text).

The cavity receiver in this design minimizes radiative and convective losses from the

solar absorber, and the aperture can be closed to minimize storage losses when not receiving

sunlight. Use of Al-Si as a storage material, with a melting temperature of 577� C, allows

use of stainless steel as a structural material, leading to relatively inexpensive construction.

Higher temperature PCMs would give increased Stirling engine e�ciency, but also increase

receiver and storage losses, and would potentially result in higher containment material

cost. Stirling engines are attractive for this system because they can achieve relatively high

e�ciency at a small scale.

Cold start-ups occur in CSP plants when they are �rst turned on, after extended periods

of low solar resource, or after downtime due to maintenance.This is an important consider-

ation for most CSP designs that must use heat tracing to avoidfreezing of a pumped heat

transfer 
uid, but is less critical for STEALS because heat pipes are used. Sodium heat

pipes begin to become active at hot side temperatures near 500 � C, which means that heat

transfer into the thermal storage tank will be slower duringinitial start-up until the bottom

of the storage tank reaches near-operational temperature.This causes a slight e�ciency loss,

but is a minor concern because with proper insulation the system remains above 500� C for
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several days without heat input.

3.4 Methods

3.4.1 System level performance

To analyze the system-level performance of STEALS, we integrated three di�ferent soft-

ware packages. First, we developed an in-house MATLAB code to model the time-dependent

thermal performance of a complete STEALS system throughout adaily cycle of operation.

This MATLAB code also used material and manufacturing cost factors to generate esti-

mates of subsystem costs. We ran an initial MATLAB simulationto �nd the critical inputs

to run SolarPILOT,[104] a program developed by the National Renewable Energy Labora-

tory (NREL) that optimizes heliostat �eld and receiver geometries for solar thermal tower

systems. Optimization simulations in SolarPILOT yielded heliostat �eld e�ciencies and re-

ceiver and tower geometries that we input back into the MATLAB model for a more re�ned

simulation. Finally, we simulated the full lifetime performance and cost of a STEALS plant

using the CSP Generic Model within the System Advisor Model (SAM).[105] The SAM sim-

ulation used the optical e�ciencies generated by SolarPILOT and the thermal performance

and cost outputs from our re�ned MATLAB simulation for a fully integrated, self-consistent

analysis.

To consider system-level performance and cost under di�erent possible scenarios, we

used the process above as we varied system size, power block e�ciency, and subsystem cost

inputs. For each scenario, we ran parametric studies on insulation thickness and number of

heat pipes to improve the TES system in terms of levelized cost of electricity.

3.4.2 MATLAB model

The time-dependent MATLAB model we developed to analyze our design uses a numer-

ical �nite-di�erence method that discretizes all system components into nodes of thermal

masses that are connected via a thermal resistance network.The nodes considered in the

model include the absorber, PCM, evaporator and condenser of the thermal valve, and the
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power block. The full thermal resistance network that the model uses, and heat 
ow cal-

culations, are given in the Supplementary Figures 5-7 and Supplementary Tables 2-4. Our

custom code is also given as Supplementary Information. This code can be copied and pasted

into a MATLAB workspace in order to run a representative simulation of a 400 kWelectric

STEALS system with a 35% e�cient Stirling engine as the power block. In addition, a

comprehensive list of inputs to typical SolarPILOT and SAM simulations are given in the

Supplementary Tables 7-8, and can be used with each of these publicly available programs

to duplicate our results.

To run a simulation, we �rst input nominal power rating and expected subsystem ef-

�ciencies so that the full geometry of the system can be calculated, then assign material

properties to all system components. We also input initial and external conditions, includ-

ing the initial temperatures of each subsystem component, as well as hourly direct normal

irradiation (using TMY data in Daggett, California on March 20) and the operation of the

thermal valve and heat rejection system, which may be speci�ed as \on" or \o�" at all times

of day. We then run a time-dependent simulation for a 24 hour cycle, with time steps of 0.02

seconds.

Our MATLAB model calculates heat transfer rates throughout the system at a given

time step based on temperatures and thermal resistances between nodes that are in thermal

contact with each other. It then calculates temperatures atthe next time step by apply-

ing energy balances to each node. To include phase change of the thermal energy storage

material, the model uses an enthalpy-tracking method for PCM nodes (enthalpy results are

provided in Supplementary Figure 18), similar to the method used by Kotze et al [44]. The

PCM nodes are de�ned such that only heat transfer in the radial direction from heat pipes

is considered; this model is conservative as it neglects vertical heat transfer pathways that

would improve heat transfer, but was veri�ed as a reasonableassumption with �nite element

analysis (Supplementary Figure 19). The e�ective thermal resistance of the vapor space in

the valved thermosyphon changes depending on whether the valve is in the \on" or \o�"
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state, and the thermal resistance of the Stirling engine also changes depending on whether it

is \on" or \o�". E�ciency of the Stirling engine is temperatu re-dependent and is calculated

as a percentage of Carnot e�ciency. After a simulation is �nished, the model calculates

performance results, including exergy 
ows (Supplementary Figure 20), daily thermal e�-

ciencies, and design point thermal losses. These thermal performance results can then be

input to SolarPILOT for heliostat �eld optimization and SAM f or a lifetime performance

analysis.

Our MATLAB model evaluates capital costs by applying material and manufacturing

cost factors on a per-kg, per-m2, or per-quantity basis to all system components. This yields

system-level capital cost values that can be used as inputs for SolarPILOT and SAM sim-

ulations. Material cost inputs come from current metal stock exchange prices, quotes, and

manufacturer websites. Manufacturing and labor cost estimates assume mass production.

Stirling engine cost estimates are based on literature review and discussions with Stirling en-

gine companies. Our tower cost model is given in Supplementary Figures 8-14. Our operation

and maintenance cost model is given in Supplementary Figures15-17 and Supplementary

Table 6. A full list of cost factors is given in SupplementaryTable 5.

3.4.3 SolarPILOT

To optimize heliostat �eld layout, tower height, and receiver dimensions for each full sys-

tem simulation, we used SolarPILOT, a program developed by the National Renewable En-

ergy Laboratory speci�cally for this purpose [104]. We usedthe default location of Daggett,

California for all simulations, and based heliostat geometry on the eSolar design [106] by

using mirrors that are 2.05 m wide and 1.1 m tall. We used a \
atplate" receiver type with

an absorptivity and emissivity of 0.99 to represent the aperture of our cavity receiver [107].

Other key cost and thermal performance inputs came from our MATLAB simulations of

the system. All SolarPILOT inputs for a typical simulation can be found in Supplementary

Table 7.

63



For a wide range of nominal power ratings and power block e�ciencies, we performed

initial parametric studies in SolarPILOT to �nd optimal rec eiver height to within 0.05 meters,

receiver elevation angle to within 5 degrees, and tower height to within 0.1 meters to minimize

total plant cost. Because receiver elevation angle had a minor impact on cost (< 1% over our

full range of system sizes), we set its value to -35 degrees for all subsequent simulations. From

initial parametric studies, we also found a general dependence of optimal receiver size on

design point thermal power, and used a logarithmic �t to initial data to set receiver size for

all subsequent simulations. These two simpli�cations reduced the number of free variables

in SolarPILOT simulations, leading to reduced computationtime with no signi�cant impact

on �nal results. The �nal free variable in SolarPILOT was tower height, which we optimized

to within 0.1 meters using a parametric study for each di�erent system con�guration.

Final outputs from SolarPILOT included the tower height, receiver size, and optical

e�ciencies required for MATLAB and SAM simulations. Supplementary Figure 21 also

provides results of a parametric study for a speci�c con�guration with a design point thermal

power of 0.91 MWthermal that considers e�ciency and cost of non-optimal tower heights and

receiver elevation angles.

3.4.4 System Advisor Model (SAM)

For �nal evaluation of performance and cost of STEALS, we usedthe "Generic CSP

model" of SAM (version 2016.3.14) [105]. We used Daggett, California as the location

for analysis, consistent with MATLAB and SolarPILOT simulations. Solar �eld optical

e�ciency data came from the �nal optimized con�guration simulation in SolarPILOT. All

other thermal performance inputs came from our MATLAB simulation. Cost inputs came

from either our MATLAB simulation or were based on Sunshot goals [18, 91]. We assumed a

plant lifetime of 25 years. Detailed input values for a typical SAM simulation can be found

in Supplementary Table 8.

SAM simulations gave ouputs of hourly electricity generation, heat transfer rates, sub-

system e�ciencies, and costs. These �nal results allowed usto investigate trends for di�erent
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system designs and make comparisons to other technologies.

3.4.5 Grid demand

To generate Figure 3.1(a), we downloaded peak PV power outputdata from the \Daily

Renewables Watch" archive on the California Independent System Operator (CAISO) web-

site for each day from April 20, 2010 to September 30, 2016. To generate the data curves

from 2011 to 2016 in Figure 3.1(b), we compiled hourly solar and wind data from the CAISO

website for seven days from March 1 to April 6 (March 1, 7, 13, 19, 25, 31, and April 6)

from each year, such that each day of the week is included exactly one time. We then ex-

trapolated from 2016 data with assumptions that total electricity demand grows at a rate

of 1.28% [108], peak solar electricity generation grows at arate of 1.64 GW/year, and wind

electricity generation grows at a rate of 0.15 GW/year. Supplementary Figures 1-4 provide

detailed solar and wind data.

3.4.6 LCOE comparison

We generated the LCOE data points for STEALS in Figure 3.6 usingthe methods de-

scribed above for system-level modeling. To compare to other technologies, we used several

other sources of data. For natural gas, we used the Annual Technology Baseline published

by the National Renewable Energy Laboratory [109], and adjusted the calculations for a 30%

capacity factor combustion turbine natural gas plant to vary natural gas fuel price between

2.50-4.50 $/MMBtu, and e�ciency from 35-45%. This resultedin four data points that we

surrounded with a more general �gure for natural gas LCOE in Figure 3.6. For CSP, we

compiled data from the SolarPACES database [110] and from https://www.csp.guru [100] to

�nd estimates of LCOE for plants that exist today, and added these data points to Figure 3.6.

We also calculated the LCOE of a modi�ed \On the Path to Sunshot" [18] case to project

future cost of a conventional CSP system that is operated in the same way as STEALS.

For this case, we kept all inputs from an original \On the Pathto Sunshot" SAM �le, but

modi�ed the hours of storage and restricted dispatch in the middle of the day to reach a 30%
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capacity factor (which is below the Sunshot design of 66.7% capacity factor, and increases

cost relative to Sunshot goals). We then extended the CSP cost range in Figure 3.6 down

to the modi�ed Sunshot case of 10.5g/kWh at a power block e�ciency of 55% and a power

rating of 100 MWelectric . For PV with batteries, we started with the default system model

in SAM. We then considered a range of PV module costs from 0.6-0.9 $/W, PV balance

of system costs from 0.9 to 1.0 $/W, battery costs from 200-400$/kWh with replacements

after either 10 or 15 years, and battery balance of system costs from 0.4-0.7 $/W [111]. For

consistency with our STEALS and modi�ed Sunshot CSP analysis, we used the same �nan-

cial parameters for all SAM simulations. Because PV and batteries are scalable, we used

horizontal lines for LCOE values in Figure 3.6(b). All of the data points used to generate

the shapes used in Figure 3.6 are given in Supplementary Table10.

3.5 Subsystem performance and cost

For each subsystem we consider here, results are based on a full system that has a

nominal power rating of 200 kWelectric , a 30% e�cient Stirling engine, and 5 hours (3.3

MWh) of thermal energy storage. The system operates with a� 30% capacity factor as a

complement to PV. Performance and cost are evaluated using the methods described in the

Methods section.

3.5.1 Heliostat �eld and solar receiver

In design of the heliostat �eld and solar receiver for STEALS,we made several qualitative

decisions to address technical and economic challenges. Small 2.2 m2 focused mirrors (based

on the eSolar design) minimize on-site construction cost [106]. A steel strut tower, similar to

ones used for wind turbines, high tension power lines and simple water towers, can provide the

support needed for a thermal storage tank and leverages existing high-volume manufacturing

processes. For the small-scale STEALS design, and location in the northern hemisphere, a

primarily north-facing heliostat �eld is most e�cient beca use it minimizes cosine losses [112].

The orientation of a cavity receiver can be adjusted to matcha north-facing �eld and gives
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added bene�ts of reduced convective and radiative losses from the receiver surface relative to

an external receiver. Finally, locating the receiver below the thermal storage tank enhances

the performance of heat pipes within the tank by providing gravity-assisted working 
uid

return, avoiding issues encountered by previous heat pipe thermal storage systems [25].

Figure 3.3: (a) The heliostat �eld for a 760 kWthermal STEALS system uses� 1000 m2 of
re
ective heliostat area in a north-facing con�guration. The small size of STEALS, compared
to (b) a conventional CSP solar �eld, improves design point optical e�ciency from 65.6 to
83.7% and reduces combined �eld, tower, and receiver cost by50% (based on the thermal
power at the receiver).

Based on the qualitative design decisions above, and optimization in SolarPILOT, Fig-

ure 3.3(a) shows a reference case 765 kWthermal STEALS solar �eld. For scale, Figure 3.3(b)

also provides a comparison to the 545 MWthermal \On the Path to Sunshot" solar �eld design

[18, 113]. Because of its reduced size, the STEALS �eld and tower exhibit a much higher

combined optical and receiver e�ciency than conventional CSP designs (83.7% for STEALS

compared to 65.6% for conventional designs, at design point, evaluated by SolarPILOT and

SAM simulations). Further, the smaller tower height (20 m compared to 170 m) permits use

of a simple steel strut tower and leads to a 30% decrease in tower cost on a $/kWthermal basis.

In sum, the heliostat �eld, tower, and receiver for STEALS cost a total of 149 $/kW thermal ,

compared to the Sunshot target cost of 291 $/kWthermal .
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3.5.2 Thermal storage

The ability to control heat transfer into and out of a thermal storage tank is central

to STEALS. Near-isothermal charging (heat transfer into the PCM) and discharging (heat

transfer out of the PCM) are particularly important, as temperature gradients in the storage

system result in signi�cant exergetic losses. Energy density, thermal cyclic stability, material

compatibility, and material cost are also critical to the overall success of the design. With

this in mind, we considered� 100 salt and metal materials with melting temperature near

600� C that had signi�cant material property data established (Supplementary Table 1) [36,

37, 39, 94], and down-selected to three candidates (K-Ca-Cl, Al, and Al-Si). We then ran

full system simulations with these three materials, which revealed that a system using Al-Si

resulted in the lowest overall system cost, primarily because of its high energy density and

high thermal conductivity.

With Al-Si as the PCM, we ran parametric studies on size and spacing of heat pipes

to obtain a thermal storage design that is compatible with the solar insolation and heat


ow required by STEALS over a typical 24 hour cycle. In Figure 3.4(a), it is clear that

solar energy is not available when net electricity demand ishighest. To account for this

discrepancy, STEALS must store energy as shown in Figure 3.4(b). Resulting details of

phase and temperature throughout the PCM due to heat input andextraction are presented

in Figure 3.4(c) and Figure 3.4(d) , respectively. Following Figure 3.4 from bottom to top,

latent heat is stored in the PCM overnight, until early morning discharge at 5 a.m. when

net demand begins to rise. The PCM completely solidi�es during this discharge, and cools

as far as 11� C below its melting temperature. Electricity generation stops at 7 a.m., while

the PCM begins to receive solar thermal energy at 6 a.m. The PCM melts during the day,

reaching a fully melted state between 2 and 3 p.m. and heatingas high as 47� C above its

melting temperature. Evening dispatch begins at 3 p.m. whennet demand rises for a second

time, and continues until 10 p.m., after which some latent energy is stored in the liquid PCM

overnight, until the cycle repeats. As is typical with thermal storage systems, the thermal
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Figure 3.4: The STEALS thermal storage system time-shifts solar electricity production
while minimizing superheating and subcooling of the PCM to achieve high e�ciency. Panel
(a) highlights the mismatch between solar resource (directnormal irradiation from TMY data
in Daggett, California on March 30) and projected net electricity demand (demand minus
generation from PV and wind in March 2020). (b) To overcome this temporal mismatch, the
system requires four modes of operation. (i) Charging (red in panel (a)) occurs during peak
solar resource in the middle of the day, while (ii) discharging (green in panel (b)) occurs
in the morning and evenings. (iii) Some overlap of charging and discharging occurs during
times of low solar resource when PV production is signi�cantly lower than rated capacity.
(iv) Separate from these times, the system is in a standby mode overnight to store energy for
morning dispatch. To consider spatial variations within the PCM, panels (c) and (d) track
phase and temperature as a function of distance from each heat pipe. Morning discharge
beginning at 5 a.m. leads to solidi�cation of the liquid PCM and additional cooling of the
solid PCM. Sunlight beginning at 6 a.m. contributes to this discharge and limits the cooling
to 11� C below the melting point. By 7 a.m., morning discharge is complete. The valve
switches \o�", and all incoming heat is directed to the PCM. The PCM melts around heat
pipes �rst (far left in (c) and (d)), and a liquid front then pr opagates outward. Between 2-3
p.m., the PCM fully melts and reaches temperatures 47� C above the melting point. Evening
discharge begins at 3 p.m., during which the PCM solidi�es and cools to a minimum PCM
temperature (at 10 p.m.) of 10� C below the melting point. Overnight, the liquid outer region
of PCM remains largely static, with minimal heat loss (98.6%annual storage e�ciency) and
highly uniform temperature.
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pro�le remains constant in this overnight standby mode, andminimal heat loss results in an

annual storage e�ciency of 98.6%. Speci�c to STEALS, temperature gradients are minimal

at all times because of the high thermal conductivity of Al-Si, which leads to high exergetic

e�ciency (Supplementary Figure 20). The system is able to turn on and o� within minutes,

resulting in the potential to improve overall grid 
exiblit y akin to spinning reserves.

3.5.3 Thermal Valve

We have published detailed modeling of the themosyphon thermal valve separately [103]

and incorporated the results of this modeling into our full system MATLAB model. In

the \on" state, the heat 
ow e�ciency of the valved thermosyphon is over 99% and the

temperature drop across the valved thermosyphon is 26� C. Both the high heat 
ow e�ciency

and small temperature drop contribute to high exergetic e�ciency. The temperature drop

is dominated by solid state conduction through the evaporator and condenser plates, which

contributes � 80% of the 26� C temperature drop.

In the \o�" state, the temperature drop across the valved thermosyphon is� 525� C. Such

a large temperature drop is achieved by fully sequestering the sodium working 
uid above

the mechanical valve to prevent liquid sodium from reachingthe evaporator. This leaves the

primary heat transfer paths as conduction through vapor tube walls and insulation (� 80%)

and radiation through the vapor tubes (� 20%). Comparing \on" and \o�" states, the

STEALS thermal valve has an on/o� thermal conductance ratio of � 104. Additionally, this

valved thermosyphon approach is attractive due to its simple, scalable design coupled with

minimal O&M cost and parasitic electrical power demands.

3.5.4 Risks

The STEALS technology is not fully proven and our projected subsystem performance

and cost should be considered preliminary. Several technical advances must be experimen-

tally demonstrated before our model is validated. Risks exist for each subsystem, and until

solutions to these risks are developed, our results represent the possible performace of an
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idealized future system rather than a mature existing technology.

One risk is our assumed heliostat �eld cost of 75 $/m2. This value is lower than costs of

existing plants (for example, the Ivanpah Solar Power Facility at 170 $/m 2) [18] and current

heliostat manufacturer claims (Stellio, Vast Solar at 100 $/m 2) [114], and our assumption

relies on signi�cant progress in heliostat development. Another risk is that our Al-Si PCM

has not been demonstrated for extended periods of time underthe conditions that we model.

We assume that the material is stable with cycling, and has nothermal degradation or

segregation of individual elements over time. These e�ectshave not appeared in other

experiments [44], though could develop over time. An additional risk for our thermal storage

system is the reliability of ceramic coatings. The coatingscould react with the PCM, fracture

during cycling (due to thermal gradients or volume change ofthe PCM during phase change),

or otherwise allow the PCM to corrode containment materials. Extended life cycle tests are

necessary to prove that the system will not fail within 25 years of operation. Finally, our

model of the thermosyphon thermal valve predicts a thermal e�ciency of 99.6%, though

this e�ciency value and the reliability of the design over time has not been experimentally

validated.

In addition to the risks discussed above, there is some uncertainty in our analysis methods.

For example, our MATLAB model uses a simplistic thermal resistance network and does not

have the accuracy of �nite-element analysis. We assume material properties to be constant

rather than temperature-dependent. Our cavity receiver design and performance analysis

in SolarPILOT is only an initial estimate that could be re�ned with ray-tracing analysis to

improve accuracy. There is also inherent uncertainty in predicting future weather, and our

use of TMY data (with hourly resolution) in SAM is not a perfectrepresentation. However,

the purpose of this study is only to determine whether or not the system has potential

for cost-competitiveness with alternative technologies.Even though these uncertainties are

present, they do not a�ect the general conclusions of this paper.
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3.6 System-level performance

To determine LCOE for STEALS and to make an even comparison to alternative tech-

nologies, we consider 1) an annual electricity production schedule that complements PV, 2)

subsystem contributions to overall cost, and 3) critical design parameters that in
uence cost

and performance.

3.6.1 Hourly electricity production and annual e�ciency

One potential market for STEALS is to provide load shifting tocomplement the growth

of PV. Such dispatch control leads to a low capacity factor (� 30%), which means that the

power block is utilized much less than in a baseload plant. This results in higher LCOE,

but also provides higher value electricity, because of the added bene�t of dispatchability.

For example, natural gas peaking plants that will be installed on the grid in 2022 have a

projected LCOE of 10.5g/kWh, compared to baseload natural gas plants at 5.6g/kWh

[115].

Figure 3.5 demonstrates seasonal variation in electricity production from an annual SAM

simulation. With 5 hours of thermal energy storage, summer electricity production reaches

about 10 hours per day during non-peak sunlight hours. Winterelectricity production is

lower than summer, but still averages near 5 hours of full-load capacity per day. For locations

with high solar resource, this seasonal variation mirrors changes in demand, which peaks in

the summer when cooling loads are high [116].

Figure 3.5 also shows that there are also speci�c days during each season in which the solar

resource is particularly high or low, creating corresponding changes in electricity production.

On days of high solar resource, restricting dispatch in the middle of the day when storage

is full but the sun is still shining forces the system to de-focus heliostats to dump thermal

energy from the �eld. This results in a 7% loss in total available thermal energy on an

annual basis. During periods of low solar resource, the energy storage system does not fully

charge which results in a shorter duration of production at the end of the day. This is
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Figure 3.5: In annual modeling of STEALS, we restricted electricity production to periods of
high net demand in the morning and early evening (totalling 8-11 hr daily). Because of vari-
ation in solar insolation (from TMY data), actual electricity output varied both seasonally
and daily, and did not always meet desired electricity output. In our model of a system with
5 hours of storage, 80% of desired electricity production was annually achieved. Reliability
could be improved by increasing heliostat �eld or thermal storage size, but would comes as
a tradeo� with cost of these components; alternatively, reliability could be achieved through
hybridization with an alternative fuel.
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an inherent limitation of CSP, and demonstrates the di�erence between dispatchability and

�rm supply of plants that can absolutely guarantee production throughout the year. To

reduce the number of low-production days, the size of the solar �eld and the thermal storage

system may be expanded, but this would come at increased cost. In practice, the relative

sizes of the solar �eld, thermal storage, and power block lead to a the tradeo� between cost

and reliability that can be customized for speci�c applications. Another alternative is to

hybridize the system with an additional source of heat input(e.g. biofuels, propane, natural

gas).

Total annual energy e�ciency of STEALS includes subsystem e�ciencies of the heliostat

�eld (71.2%), solar receiver (95.2%), thermal storage (98.6%), and thermal valve (99.6%).

We assume a Stirling engine e�ciency of 30%, which includes parasitic power for engine

startup and heat rejection. This results in an 18.3% annual solar to electric e�ciency (de-

�ned as the ratio of net electricity produced to the sunlightenergy incident on heliostats).

For comparison to conventional designs, the Sunshot CSP power tower design has a lower

heliostat �eld e�ciency (50%), lower solar receiver e�ciency (92%), similar thermal storage

e�ciency (99.5%), and higher power block e�ciency (55%) than STEALS, resulting in an

overall annual system e�ciency of 23.6% [113]. The main limitation of STEALS is its low

power block e�ciency, but it is able to improve on heliostat �eld e�ciency by employing a

smaller �eld, and improves upon receiver e�ciency by using acavity rather than external

receiver. In addition, STEALS nearly eliminates parasitic power requirements for engine

start-up, heat rejection, and pumped heat transfer 
uids, which consume 8.3% of electricity

generated by conventional CSP plants.

3.6.2 Levelized cost of electricity

STEALS has the potential to be cost-competitive with currenttechnologies because of

its integrated design. Our bottom-up LCOE analysis (Supplementary Tables 5-6 and Sup-

plementary Figures 8-17 and 22-24) results are given in Figure3.6, and consider a range of

power block e�ciencies, power block costs, and system sizes. This allows our analysis to
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be extended from Stirling engines to other power blocks thathave di�erent performance or

cost (Supplementary Table 9), which is useful because several other modular heat engines

are currently under development. We also note that the cost results in Figure 3.6 are based

on large-scale production with low manufacturing cost, andrepresent idealized future costs

rather than the cost of a STEALS plant that could be built today.

In Figure 3.6(a), we quantify the impact of Stirling engine e�ciency on the LCOE of

STEALS. We use e�ciencies from 23-35% to provide a range from slightly below current

Stirling engine performance to possible future performance with a minor improvement in

technology. The lower LCOE data points for STEALS result froma power block cost (in-

cluding heat rejection) of 1 $/W, while the upper LCOE data points result from a power

block cost of 1.77 $/W, based on a capital cost of 1 $/W and replacements after 10 and 20

years. Over this range of power block e�ciency and cost, the LCOE of STEALS is 8.1-12.8

g/kWh. The primary e�ect of improving power block e�ciency is a reduction in the thermal

power rating of the storage system and heliostat �eld. This leads to fewer heliostats, less

PCM, and less mass held on top of the tower, all of which reducecost.

Figure 3.6(a) also compares the LCOE of STEALS to other technologies: natural gas

combustion turbine plants, conventional CSP towers and troughs, and PV with batteries.

A detailed description of how we generated data points (which we then surrounded with

approximate shapes to give an idea of cost ranges) is given inthe Methods section and

in Supplementary Table 10. For natural gas and PV with batteries, we used established

cost models to evaluate each technology with a 30% capacity factor under scenarios that

range from plants that exist today (darker shading) to future projections of performance

and cost that may be achieved within the next few years (lighter shading). For CSP, the

data points in Figure 3.6(a) are from existing plants with capacity factor between 20-60%

[100, 110]. The bottom right corner of the CSP cost range represents potential future costs

and comes from a model of a system that meets Sunshot goals butis operated with 30%

capacity factor (instead of the Sunshot goal of 67%) to reachan LCOE of 10.5g/kWh.
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Figure 3.6: STEALS has the potential to be cost-competitive with both renewable technolo-
gies and natural gas peaking plants at a capacity factor of 30%. In this �gure, we present
LCOE of both STEALS and alternative technologies, based on the methods described in the
Methods section and Supplementary Table 10. For each technology, we calculated LCOE
and then surrounded our calculated values with a general cost range to give an idea of how
costs compare. Color gradients represent the transition from what could be built today (dark
colors) to what might exist in a few years (light colors).(a)The LCOE of STEALS falls with
increasing power block e�ciency, and depends signi�cantlyon power block cost. The low
cost STEALS data points assume a power block capital cost of 1 $/W. The high cost data
points assume 1.77 $/W, based on a capital cost of 1 $/W and replacements after 10 and 20
years. Both low and high data points correspond to a 400 kWelectric system. (b) The LCOE
of STEALS is nearly independent of system size. This is due to the modularity of Stirling
engines as the power block. High and low LCOE curves are generated with Stirling engines
e�ciencies of 23 and 35%, respectively. Stirling engine cost is 1.36 $/W, corresponding to a
1 $/W capital cost and replacement after 15 years.
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Our calculated LCOE of STEALS is close to this value, but at a much lower power block

e�ciency. STEALS must make up for this lower power block e�ciency with higher optical

e�ciency, lower parasitic power requirements, and lower balance of system costs. In a more

broad comparison between the various technologies in Figure3.6(a), we see that STEALS

has future potential to being cost-competitive with both renewable dispatchable technologies

and natural gas peaking plants.

In Figure 3.6(b), we examine the impact of system size on the LCOE of STEALS. In this

�gure, the lower STEALS LCOE curve corresponds to a Stirling engine e�ciency of 35%,

and the upper LCOE curve corresponds to a Stirling engine e�ciency of 23%. We �nd an

optimum LCOE of 9.5g/kWh at a size of 400 kWelectric , though we also observe LCOE to be

nearly independent of system size: there is just a 3% variation in LCOE over the full range

of 100 kWelectric to 1 MWelectric .This is due to the modular nature of the Stirling engine as

a power block, and the scalability of the thermal storage system.

Figure 3.6(b) shows that STEALS has potential to be competitive with natural gas

peaking plants and the future of CSP technology at a much smaller scale. This small scale

and the modularity of STEALS is attractive for �ve reasons. 1)Because the cost of STEALS

is nearly independent of system size, it may be speci�cally designed for small scale market

applications that are not available to conventional CSP. Half of microgrids in the United

States require less than 1 MWelectric [23], and a large CSP plant would be under-utilized and

excessively costly for these applications. 2) Small scale results in low capital cost (in the

range of $300k for a 100 kWelectric STEALS system), which makes crowd-sourced community-

based solar farms or other funding options attainable. 3) Low capital cost reduces the risk of

�nancing new projects compared to the billions of dollars ofcapital required for conventional

CSP. Finally, 4) rapid technology progress and 5) rapid realization of economies of scale are

possible through higher throughput manufacturing of smallplants.
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3.7 Conclusion

There are many ongoing e�orts to reduce cost and/or increasethe value of electricity from

CSP. These include increasing temperature to improve e�ciency, lowering cost through use of

new materials, and using the thermal storage system for multiple grid services, among others.

The technology herein, STEALS, proposes to compete with peaking plants by introducing

modularity without sacri�cing system e�ciency. Locating a cavity receiver, high energy

density latent heat storage, and power block all on top of a small scale tower results in

high optical and thermal e�ciency to balance the lower conversion e�ciency of a Stirling

engine. It also leads to low balance of system costs and allows for passive heat transfer

that reduces operation and maintenance requirements. The design is capable of scaling up

or down in size (10-1,000 kWelectric ) with minimal design changes, and incorporates a novel

thermosyphon-based thermal valve to make the system dispatchable.

Building on our preliminary development of this concept, this new detailed analysis shows

that the system has a possibility of low capital cost, as wellas low O&M cost, making this

design appealing for further development. Additional experimental investigation is required

to validate the performance and cost results of our model, and advances in heliostats (cost re-

duction) and Stirling engines (reliability and cost reduction) are necessary to allow STEALS

to reach the performance and cost values that we present here. While our results represent

an idealized future system, we are optimistic that with future work STEALS may become

cost-competitive with natural gas peaking plants, the expected future of CSP, and of PV

with batteries. Large arrays of STEALS plants could be installed as a complement to PV

and wind for grid-scale storage, or individual STEALS plantscould provide electricity for

remote locations or microgrids. With the addition of STEALS into the generation mix, the

technology could help enable deeper penetration of renewable electricity from wind and PV,

and could accelerate progress in the pursuit of a 100% renewable electricity grid.
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CHAPTER 4

EXPERIMENTAL DEMONSTRATION OF A DISPATCHABLE LATENT HEAT

STORAGE SYSTEM WITH ALUMINUM-SILICON AS A PHASE CHANGE

MATERIAL

A paper published inApplied Energy [117].

Jonathan E Rea,7;8;9;10;11 Christopher J Oshman,7;8;9 Abhishek Singh,8;9 Je� Alleman, 8

Philip A Parilla, 7;8 Corey L Hardin,7;8 Michele L Olsen,7;8 Nathan P Siegel,7 David S

Ginley,7 Eric S Toberer7;11

This paper presents the design and experimental results of our �rst prototype. Here,

our primary goal was to prove that our concept could functionat all in practice, and that

our overall system design was feasible. Our results demonstrated just what we intended.

(1) Small temperatures gradients within the PCM illustrated the value of Al-Si as a PCM

for its high thermal conductivity. (2) We showed e�ective on/o� control with the valved

thermosyphon when integrated into a full system. (3) We integrated subsystems together

with minimal exergetic losses.

These results showed that our design was physically possible to build, and demonstrated

strong performance in the thermal storage and heat exchanger subsystems. However, the

primary limitation of this prototype was low thermal-to-electric conversion e�ciency of the

thermoelectic generators. Also, our heaters were under-sized, so each \simulated day" took

about 72 hours, leading to lower than desired thermal e�ciency. In summary, this prototype

provided positive feedback on our thermal storage system design, but also identi�ed a few

ways that we could improve our second prototype (see Chapter5).

7Concept development
8Design and construction of prototype and test system
9Performed experiments
10Data analysis
11Wrote paper
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4.1 Abstract

In this work, we present the design, construction, and experimental results of a proto-

type latent heat thermal energy storage system. The prototype consists of a thermal storage

tank with 100 kg of the aluminum-silicon eutectic as a phase change material, a valved ther-

mosyphon that controls heat 
ow from the thermal storage tank to the power block, and

thermoelectric generators for conversion of heat to electricity. We tested the prototype over

four simulated days, where each day consisted of four phasesof operation: charging, dis-

charging, simultaneous charging and discharging, and storage. Our results show three major

conclusions. First, the thermal energy storage system was able to receive and distribute

heat with small temperature gradients - less than 5� C throughout the thermal storage tank.

Second, the valved thermosyphon was able to e�ectively control heat transfer, demonstrat-

ing an on/o� thermal conductance ratio of 430. Third, the interfaces between subsystems

had small temperature drops: of the� 560� C temperature drop from the thermal storage

tank to the heat rejection system,� 525� C occurred across the power block. This work

overcomes the challenges of integrating previously-developed subsystems together, providing

a proof-of-concept of this system.

4.2 Introduction

Energy storage is likely to play a prominent role in future electric grids that will generate

a signi�cant portion of their supply from renewable sources. By compensating for the vari-

ability of generation from photovoltaics and wind power, energy storage can reduce the cost

of grid operation and resolve the ine�ciencies of turning generators on and o� [11]. In doing

so, energy storage may also create the added bene�t of reducing carbon emissions from the

electricity sector.

Of the potential options for energy storage, thermal energystorage (TES) combined with

concentrated solar power (CSP) appears to be one of the lowest-cost solutions. Current costs

for TES are 20-25 $/kWh, and many pathways are being investigated that have potential to
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reduce cost to 15 $/kWh [18]. This cost becomes larger when thee�ciency of converting heat

to electricity is considered, but still outperforms the most likely alternative technology to

provide grid-scale energy storage: electrochemical batteries. Battery costs are� 300 $/kWh

today, and are likely to remain above 150 $/kWh based both on experience rates [16] and

on limits of material costs [15].

Sensible heat storage with molten salt as a storage materialis the state-of-the-art for

TES with CSP, and has been implemented in commercial plants that are operating today,

such as the 110 MW Crescent Dunes plant in Tonopah, Nevada. This technology takes

advantage of inexpensive materials and mature processes, but is limited to relatively low

temperatures (� 550� C) and large plant sizes (> 100 MW) [22]. Further development for

improved e�ciency and reduced cost would require new salt storage materials and new

components throughout the system that are compatible with high temperatures.

Latent heat storage (LHS) is a potential alternative that canachieve higher energy den-

sities than sensible heat storage and can operate nearly isothermally, which is appealing for

both cost reduction and for high power block e�ciency. No commercial CSP plants currently

use LHS, but signi�cant research-level progress been made inboth phase change materials

(PCMs) and heat transfer designs for LHS systems. Within materials development, both

salts and metal alloys have received attention [36{39]. Salts can be low cost materials, but

have low thermal conductivity, which increases the cost of heat exchangers and has encour-

aged research on thermal conductivity enhancements [38, 39, 41{43]. Metals solve this issue

because they have high thermal conductivity, but are very corrosive, and no systems have

been demonstrated as stable for extended periods of time. Within heat transfer design de-

velopment, di�culty is presented by the solid-liquid phasechange, but several solutions have

been experimentally explored: traditional heat exchangers with pumped 
uids [44{46], en-

capsulated PCMs [48, 49], pool boilers [50, 51], and heat pipes [24, 25, 27, 28, 53{56, 118].

The �rst two of these approaches are actively driven systems, whereas pool boilers and heat

pipes are passive. Here we focus on the latter, because they avoid parasitic power usage and
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reduce maintenance requirements.

A comprehensive review of the combination of heat pipes withLHS is provided by [24].

This review shows that the �rst experimental endeavors for combining solar power, high

temperature heat pipes, and latent heat storage were completed for space applications.

These e�orts included salt PCMs with melting temperatures from 766-980� C, heat pipes

with sodium and potassium as heat transfer 
uids, and organic Rankine, Brayton, and Stir-

ling engines for the power block [53{56, 118]. Notably, the National Aerospace Laboratory in

Japan demonstrated a system e�ciency of 20% using LiF as a PCM,sodium heat pipes, and

a Stirling engine [56]. Since the review provided by [24], several new projects have also added

to this �eld of work. In particular, Temple University and In� nia Corporation built a latent

heat storage system with a Stirling engine, designed for a terrestrial parabolic dish solar

concentrator. They demonstrated some initial success, butexperienced dry-out issues with

their heat pipe design [25]. Sandia National Laboratories also investigated latent heat stor-

age with Dish Stirling [27, 28]. They found potential for cost-competitiveness, but required

further work on 
exible high temperature heat transfer pipes and material compatibility

between their Cu-Mg-Si PCM and containment materials.

In the designs mentioned above, heat pipes were useful for their very high e�ective thermal

conductivity, but did not allow for complete control of heat
ow and did not result in entirely

dispatchable power generation. However, recent advances have allowed heat pipes to be more

controllable, with designs such as variable conductance heat pipes, pressure controlled heat

pipes, and diode heat pipes, among others [119]. In previouswork, we also demonstrated

a valved thermosyphon that could control the 
ow of the internal heat transfer 
uid and

thereby act as a \thermal valve" [103, 120].

Building upon the progress in latent heat storage and heat pipes discussed above, we

developed and investigated a concept called Solar Thermal Electricity via Advanced Latent

heat Storage (STEALS) [73, 101, 102, 117, 121, 122]. This concept is depicted in Figure 4.1.

In an e�ort to overcome previous issues encountered when integrating latent heat storage
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Figure 4.1: Solar Thermal Electricity via Advanced Latent HeatStorage (STEALS) inte-
grates a thermal storage system (including a tank of phase change material (PCM) and a
valved thermosyphon for heat 
ow control) with a power blockand a cavity receiver on a
solar power tower. STEALS uses a heliostat �eld 1,000� smaller than conventional solar
power towers, and passive heat transfer mechanisms via heatpipes and thermosyphons.
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with a dish concentrator, STEALS locates its thermal storageon top of a small scale solar

power tower. A heliostat �eld re
ects sunlight to a cavity receiver, where heat is absorbed at

the bottom of a thermal storage tank. Heat is distributed to a PCM by heat pipes within the

thermal storage tank. Above the PCM is a valved thermosyphon,which acts as a \thermal

valve" between the thermal storage tank and the power block.This valved thermosyphon

allows complete de-coupling of sunlight collection and power production, unlike other storage

systems that keep running after the sun goes down but are not able to turn on and o� on

demand. The STEALS design is attractive because it has low operation and maintenance

requirements, and our techno-economic analysis has demonstrated that it has the potential

for low cost, dispatchable electricity generation at a modular scale (< 1 MW) [73].

In this paper, we present the design and construction process of a prototype of the

STEALS system, and give experimental results from 4 consecutive simulated days of opera-

tion. Heat was input from a resistive heater, delivered to an aluminum-silicon phase change

material by sodium heat pipes, and controllably dispatchedby a valved thermosyphon to

thermoelectric generators which converted the heat to electricity. Our results provide a

proof-of-concept of the STEALS technology: the thermal storage system was able to receive

and distribute heat with small temperature gradients, the valved thermosyphon was able

to e�ectively control heat transfer, and we observed small temperature drops at interfaces

between subsystems.

4.3 Prototype design and construction

Our prototype design involves a thermal storage tank with 100 kg of aluminum-silicon al-

loy and sodium heat pipes for even heat distribution. This thermal storage tank is connected

to a valved thermosyphon for heat 
ow control, and thermoelectric generators (TEGs) for

conversion of heat to electricity. Figure 4.2 shows the computer-aided design of the prototype

within our experimental test chamber. In the following section, we describe each subsystem

of the prototype in detail: the thermal storage system, valved thermosyphon, TEGs, and

heat exchanger. We then explain our construction process for integrating these subsystems
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together into the �nal prototype.

Figure 4.2: Computer-aided design of the STEALS prototype andtest chamber. The proto-
type thermal storage tank is 16 inches in diameter and height, and is �lled with 100 kg of the
aluminum-silicon eutectic as a phase change material. Three heat pipes extend down from
the top of the thermal storage tank and spread into a conical shape at the top and bottom for
increased area for heat transfer. Above the thermal storage tank is a valved thermosyphon,
which is used to control heat 
ow from the PCM to thermoelectric generators (TEGs). The
TEGs are used to convert heat to electricity in this prototype, but also provide a thermal
resistance that may represent alternative heat engines that could be used. Within the heat
pipes and valved thermosyphon, red arrows represent sodiumvapor 
ow and blue arrows
represent liquid sodium 
ow.

4.3.1 Thermal storage system

Our prototype thermal storage system is based on the STEALS concept and includes a

storage tank, PCM, and heat pipes. To maximize the size of thesystem within laboratory

constraints, we designed the storage tank to have a diameterand height of 16 inches. Because

of its high energy density, high thermal conductivity, and low cost, and based on previous
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techno-economic analysis of our full system [73], we selected the aluminum-silicon eutectic

alloy (88% aluminum, 12% silicon) as our PCM. We used the 4047aluminum alloy (11-

13% silicon) because it was inexpensive and readily available in the form of welding rod,

which we could easily cut into small pieces before adding to our storage tank. Our own

di�erential scanning calorimetry experiments on this alloy (Figure 4.3) showed its reliability

with melt/freeze cycling and determined its heat of fusion to be near 470 J/g, which is within

the range of published values for eutectic aluminum-silicon (462-560 J/g) [36, 44, 123, 124].

Based on the size of the storage tank, we used 100 kg (0.376 m3) of PCM to reach a capacity

of 13 kWh of thermal energy storage.

Figure 4.3: Di�erential scanning calorimetry data collected over� 50 melt/freeze cycles of the
4047 aluminum alloy (11-13% silicon) used as the PCM for thisprototype. The phase change
temperatures of 563� C and 582� C for melting and freezing, respectively, are near the phase
change temperature of 577� C for the aluminum-silicon eutectic (12% silicon) established in
the literature. This data also indicates the heat of fusion of this alloy stabilizes near 470 J/g
after cycling.
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Rather than using a pumped 
uid for transferring heat into and out of the PCM, we

selected a more passive method of heat transfer using heat pipes. In previous modeling, we

determined that the optimal spacing of heat pipes to minimize cost of a full scale STEALS

system was 13-22 inches [73]. Applied to our prototype scale,this would result in a design

with only one heat pipe. However, to add redundancy and to moreaccurately mimic the

assembly process of a full scale system, our prototype design used three heat pipes arranged

symmetrically within the thermal storage tank. The heat pipes were attached to the top

of the storage tank and extended down into the PCM, as shown inFigure 4.2 . Because

the heat pipes were not connected to the bottom of the thermalstorage tank, they were

allowed some movement during cycling which reduced the riskof mechanical failure due

to thermal expansion. Attachment to the top of the tank also allowed the heat pipes and

thermal storage tank to be coated individually with a protective ceramic coating, before the

heat pipes were placed inside of the tank. The bottom of the heat pipes was 1/4" from the

bottom of the thermal storage tank, leaving a small gap that was later �lled by PCM. The

heat pipes spread into a conical shape at the bottom of the tank to increase surface area

for improved heat transfer from the absorber surface, and atthe top of the tank to increase

surface area for heat transfer to the valved thermosyphon. Photographs of the heat pipes

used for this prototype are shown in Figure 4.4; they were 16 inches long overall, had a

diameter of 1 inch in the middle section (the straight tube length was 12 inches long), and

increased to a diameter of 6.2 inches at the largest section of the conical end pieces.

The materials we selected for the thermal storage system were a critical component of

the design. To match the operation temperature of the aluminum-silicon PCM (melting

temperature of 577� C), we selected sodium as the working 
uid for the heat pipes [125].

Both the heat pipes and thermal storage tank were constructed of 304 stainless steel, and

two layers of #100 mesh (316 stainless steel) lined the inside of the heat pipes to improve

sodium distribution and provide nucleation sites for evaporation. We had both the exterior

of the heat pipes and interior of the storage tank (all surfaces that would be exposed to PCM)
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Figure 4.4: Heat pipe design and construction process. (a) We welded the outer shell of
the heat pipes together in-house before coating with (b) a plasma-sprayed ceramic coating
(magnesia-stabilized zirconia, Metco 210NS-1). (c) After coating, we welded the heat pipes
to the evaporator of valved thermosyphon. The heat pipes were 16 inches long overall, had
a diameter of 1 inch in the middle section (the straight tube length was 12 inches long), and
increased to a diameter of 6.2 inches at the end.
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coated with a plasma-sprayed ceramic coating to prevent corrosion between the steel and

the PCM. For this coating, we selected a high density magnesia-stabilized zirconia material

(Metco 210NS-1). A nickel-chromium-aluminum bond coat (0.03-0.04" thick) was deposited

on the surface of the steel parts, then the ceramic coating (0.012-0.015" thick) was deposited

by several passes of a robotic spray gun over the surface as the part rotated on a turntable.

Previous corrosion tests with this coating showed stability with the PCM in a molten state for

> 1000 hours (no visual change before and after exposure of this coating on a 3/8" diameter

stainless steel rod in molten Al-Si at a temperature of 650� C), but the coating was unproven

on the speci�c geometry and exact thermal cycling conditions of this prototype.

4.3.2 Valved thermosyphon

The key to heat 
ow control in the STEALS design is the valved thermosyphon. The

valved thermosyphon allows the system to turn power on and o�regardless of when sunlight

is collected, making STEALS fully dispatchable. Rather thanpumping a heat transfer 
uid

through a heat exchanger to extract thermal energy from the PCM, this design regulates

heat 
ow by a more passive method shown by the arrows in Figure 4.2. Liquid sodium on

the evaporator plate evaporates from heat input at the interface with the thermal storage

tank. It then travels through the three vapor tubes and condenses on the top interior

surface (condenser) that interfaces with the power block. The liquid sodium is collected

by a funnel and directed through a liquid return tube to travel by gravity back to the

evaporator. To turn heat 
ow from the PCM tank to the power block o�, the only action

required is to close the valve in the liquid return tube, blocking sodium from returning to the

evaporator and preventing the sodium cycle from continuing. We previously modeled [103]

and experimentally validated [120] this design, though this prototype is our �rst attempt to

integrate this valved thermosyphon with a thermal storage system and power generation.

Our prototype valved thermosyphon (Figure 4.5) was constructed of 304 stainless steel,

and like the heat pipes, used sodium as a working 
uid. Three layers of #100 stainless

steel mesh were tack-welded to the evaporator surface to encourage sodium to spread evenly
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Figure 4.5: The valved thermosyphon is the key to heat 
ow control in the STEALS design.
(a) Interior view of the valved thermosyphon evaporator space, showing three symmetric va-
por tubes and one liquid return tube in the middle. (b) Interior view of valved thermosyphon
condenser space, showing three vapor tubes that extend intothe space and the condensate
return in the center of the funnel. (c) Full view of the valvedthermosyphon with support
structure and TEG/heat exchanger array. To transfer heat from the PCM to the power
block, sodium evaporates at the evaporator plate, travels upward through the three vapor
tubes, and condenses at the condenser plate. Liquid sodium is collected by a funnel that
directs 
ow back to the evaporator through a liquid return tube. To turn this heat transfer
pathway o�, the valve in the liquid return tube is closed, causing sodium to collect above
the valve and preventing the cycle from continuing.
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across the surface and provide nucleation sites for sodium evaporation. The valve in the

liquid return tube was an o�-the-shelf component (Swagelokpart number SS-12UW-TW-

HT) made of stainless steel. The overall height of the valved thermosyphon was 14.3 inches.

The overall diameter was 16 inches. The vapor tubes had a diameter of 1 inch, located

4 inches from the center of the valved thermosyphon. The liquid return tube also had a

diameter of 1 inch.

4.3.3 Thermoelectric generators and heat exchanger

In this prototype, we used thermoelectric generators (TEGs) as the power block for

conversion of heat to electricity. TEGs are solid-state heat engines that have historically

had low e�ciency, but have improved signi�cantly in recent years [126] and have potential

for low-cost power generation [127{129]. Further, becausethey have no moving parts, TEGs

inherently require very little maintenance, which is attractive for applications in space or

other remote locations. Signi�cant improvements have recently been made in laboratories

[130], though TEGs are largely unproven for commercial applications at high temperatures.

To obtain TEGs for this prototype demonstration, we partnered with Marlow Industries who

provided us with custom modules that could operate with a hotside temperature of near

600� C.

We arranged 14 TEGs on top of the condenser plate of the valvedthermosyphon, as shown

in Figure 4.6(a). All 14 TEGs had a Bi2Te3 module on the cold side. On the hot side, 5 of

these were cascaded with a high temperature skutterudite module, 2 were cascaded with a

non-functional skutterudite module, and 7 used an insulation dummy. The cascaded TEGs

used a 4-terminal con�guration. The insulation dummies were two layers of 1/16" thick

alumina-silica �ber insulation sheets, and were meant to mimic the thermal resistance of the

active skutterudite TEG modules which were limited in availability. For the skutterudite

TEG modules, we placed a 1/16" thick sheet of graphoil between the TEG and the condenser

of the valved thermosyphon for improved thermal contact. Similarly, we used a thermal paste

(Techspray 1977-DP) between the skutterudite and Bi2Te3 modules, and between the Bi2Te3
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Figure 4.6: The prototype TEG array consisted of 14 TEGs, eachof which used a Bi2Te3

TEG module on the cold side. (a) Five of these TEGs (numbers 2,7,11,12, and 14) were
cascaded with a high temperature skutterudite module on thehot side. For the other TEGs,
we used either non-functional skutterudite TEGs (numbers 8and 13) or insulation (numbers
1,3,4,5,6,9, and 10) to simulate the thermal resistance of the skutterudite TEGs. (b) The
cascaded TEGs used a skutterudite TEG module on the hot side and a Bi2Te3 TEG module
on the cold side, with a thermal paste (Techspray 1977-DP) between the two TEG modules.
(c) We clamped each TEG to a pressure of 15 psi using four compression springs and a
clamping plate that pressed a copper-water heat exchanger (HEX) directly into contact with
the cold side of the Bi2Te3 TEG. To determine heat 
ow through the TEGs, we measured
water 
ow rate through the HEX with a 
ow meter, and the temperatures at the inlet and
outlet of each TEG with thermocouples (TCin and TCout , respectively).
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modules and the cold side heat exchangers. The overall dimensions of each TEG was 4cm

wide x 4cm long x� 1cm tall. Detailed photos are given in Figure 4.6(b).

Each TEG was clamped in place by four compression springs that applied a pressure of

15 psi to the stack of TEGs, heat exchanger, insulation, and clamping plate (Figure 4.6(c)).

Each of the 14 copper-water heat exchangers had an inlet with
ow perpendicular to the

TEG at one corner and a serpentine 
ow path for water to reach the outlet at the other

corner. Each TEG was also individually instrumented with hot and cold side temperature

measurements, and wiring for current and voltage measurement. This allowed for perfor-

mance evaluation of each TEG independently, in addition to the entire array together.

4.3.4 Prototype construction process

Construction of this prototype began with fabrication of the thermal storage tank and

heat pipes. The thermal storage tank was made of two pieces (a16" diameter, 4" tall deep

drawn cup and a 16" diameter, 8" tall rolled cylinder) weldedtogether to reach the �nal

dimensions of 16" diameter and 16" height. To construct the heat pipes, we �rst had the

conical shapes at the ends of the heat pipes formed by metal spinning. We then inserted

two layers of #100 stainless steel mesh into the straight tube and the cone at the heat pipe

evaporator before welding the parts together into the shapeshown in Figure 4.4(a). We

then sent the thermal storage tank and heat pipes to a coatingcompany (Oerlikon Metco)

to deposit the magnesia-stabilized-zirconia coating (M210NS-1) on the surfaces that would

be exposed to PCM.

The next step in our construction process was to form and weldtogether the top com-

ponents of the valved thermosyphon. Then, once they were coated, we welded the heat

pipes to the evaporator plate of the valved thermosyphon (Figure 4.4(c)), tack welded #100

stainless steel mesh on the interior surface of the valved thermosyphon evaporator plate,

and welded this evaporator plate to the rest of the valved thermosyphon. With the shell

of the heat pipe/valved thermosyphon assembly complete, wethen prepared the interior of

these components. We cleaned all surfaces with hot water andsoap, rinsed with a series of
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Figure 4.7: Prototype construction process. After (a) placing the prototype into the test
chamber, we (b) �lled the interior spaces of the valved thermosyphon halfway and (c) com-
pletely with loose �ll insulation, and (d) surrounded both the valved thermosyphon and
PCM tank with guard heaters.

solvents (acetone, isopropyl alcohol, methanol, and water), and passivated the evaporator

surface with a 30% nitric acid solution [125]. We then added approximately 80 g of sodium

to each heat pipe and 120 g of sodium to the valved thermosyphon. We �lled sodium one

at a time by evacuating each component, melting sodium, and injecting it in with a custom

apparatus [122].

After moving the prototype into our test chamber, we added PCMto the storage tank

by cutting 4047 aluminum rods (3/16" diameter) into 4-8 inchlong pieces and inserting

these pieces into the tank by hand. We �lled the interior spaces of the valved thermosyphon

with loose �ll insulation (Figure 4.7(b-c)) and arranged guard heaters and radiation shields

around both the thermal storage tank and valved thermosyphon.

With the prototype in position, we performed an initial system heat-up to melt the PCM,

then added more PCM into the storage tank, and repeated two more times until the tank

was �lled with 100 kg of PCM. During these initial heat-ups, we ran diagnostic tests on our

safety and control systems, and obtained initial experimental results [117]. We also de-gassed
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the heat pipes and valved thermosyphon, by pulling vacuum oneach component while at

operating temperature, to remove impurities and non-condensable gases. Before running

the �nal experiment to obtain the results we present here, weadded more sodium so that

approximately 180 g of sodium were inside the heat pipes and 360 g of sodium were inside

the valved thermosyphon.

4.4 Experimental design and analysis methods

Here we describe our test chamber and heaters, measurement system, experimental de-

sign, and data analysis methods.

4.4.1 Test chamber and heaters

To test the performance of our prototype, we ran experimentsin a vacuum chamber,

primarily for safety concerns in the event of sodium leaks from failure of the heat pipes

or valved thermosyphon. The interior dimensions of this chamber were 36"wide x 36"long

x 48"tall, leaving space for the prototype, heaters, radiation shields, and water and wire

feedthroughs. Before heating up the system to run experiments, we evacuated the chamber

to 100 mTorr using two Edwards E2M28 rotary vane di�usion pumps, then to below 10

mTorr using a Brooks CT-8 on-board cryogenic pump.

The thermal storage tank was supported by a steel stand with 82% of the area directly

underneath the tank cut out by water-jetting (Supplementary Figure S1). We placed a

resistive heater (Thermcraft PH-C-12.5OD) beneath this tank stand, with a 1/2" space

between the heater and the bottom of the tank, to simulate radiative heat input from the

sun. We painted the heater and the bottom of the tank with Pyromark 2500 paint to increase

emissivity and subsequent heat transfer from the heater to the thermal storage tank.

One concern we had in designing this experiment was that because of its small scale,

this prototype has a higher surface area to volume ratio thana commercial scale system

would have. To replicate the modeled thermal loss of a 200 kW system, which could reach

a storage e�ciency of 99% with � 0.5 m of standard kaowool insulation [73], would require
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the prototype to use 1000 km of the same insulation. A more practical 0.1 m of insulation

on the prototype would result in a storage e�ciency of 74%, with heat losses from the sides

of the tank 25 times higher than would occur on a commercial scale system (see calculations

in Supplementary Information).

To overcome this di�culty, and make the prototype behave more closely to how a larger

scale system would, we placed resistive guard heaters around the thermal storage tank

(Thermcraft VFR-180-18-14-V-S) and the valved thermosyphon (Thermcraft VFR-180-18-

13.7-V-S). We planned to control the temperatures of the guard heaters to be slightly below

the temperatures on the outside of the thermal storage tank and valved thermosyphon, and

thereby simulate di�erent amounts of insulation to represent di�erent designs that could

exist for future larger scale systems. However, early on in our experiment, we measured the

temperature of the top of the PCM guard heater to be hotter than the top of the thermal

storage tank, even without any electrical power input to theguard heater. To avoid actively

putting heat into the system with the guard heaters, which would not be representative of op-

eration of a real system, we shut o� the PCM guard heaters after initial heat-up. Similarly,

because of the temperature gradient between the evaporatorand condenser of the valved

thermosyphon, we found that the valve guard heaters were putting heat into the valved

thermosyphon. To prevent this from continuing, we shut o� the valve guard heaters part-

way through the experiment. Then for the remainder of the experiment, both sets of guard

heaters simply acted as passive insulation, which led to high thermal losses and reduced e�-

ciency relative to a full scale commercial system. In Section 4.5.2, the e�ect of turning o� the

guard heater around the valved thermosyphon can be seen in Figure 4.8(d); the temperature

of \Valve Guard" distinctly drops after it was turned o�, bet ween the \Simultaneous" and

\Discharge" phases of simulated \Day 2."

4.4.2 Measurement system

To measure temperatures throughout the prototype and test system, we built a Lab-

View program to read data from an array of 105 thermocouples. All thermocouples were
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type K, with some exposed junction and some ungrounded sheathed thermocouples. These

thermocouples were connected to NI 9213 thermocouple modules in a National Instruments

CompactDAQ chassis which directed measurements to a desktop computer for data storage.

To measure electrical power output from the TEGs, we used a separate LabView mea-

surement system that read current and voltage data from an individual TEG at a time, and

continuously switched between the array of 19 TEGs (14 Bi2Te3 TEGs and 5 skutterudite

TEGs). This system used Keithley multimeters, a low-current multiplexer for voltage, a

high-current multiplexer for current, and a National Instruments CompactDAQ chassis with

NI 9207 modules for current and voltage measurement. We measured both current and volt-

age output from a single TEG at a time, and used the multiplexers to switch measurement

from one TEG to the next. For the high temperature skutterudite TEG modules, we swept

voltage from -0.8 to 1.3 and back to -0.8 V with steps of 0.3 V. For the low temperature

Bi2Te3 TEG modules, we swept voltage from -2.2 to 4.1 and back to -2.2V with steps of 0.9

V. Each voltage sweep took about one minute, so each module wasmeasured once every 20

minutes for the duration of the experiment. To convert current (I) and voltage (V) data to

TEG power output, we used a linear �t to the I-V curve from eachmeasurement to estimate

the maximum power point, and used this as the power output of the individual TEG module

at that time.

4.4.3 Experimental design

Our primary goal in this experiment was to expose the prototype to conditions similar

to those that would be experienced in commercial operation,and determine whether or not

the STEALS concept could, in practice, function as intended.Speci�cally, we wanted to

assess (1) whether the thermal storage system could receiveand distribute heat with small

temperature gradients, (2) if the valved thermosyphon could e�ectively control heat 
ow,

and (3) if interfaces between subsystems would lead to signi�cant temperature drops or

other losses. To test the performance of our prototype basedon these metrics, we ran an

experiment of four simulated days. We de�ned the beginning of a simulated day as the time
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at which the PCM was completely solid and at a temperature of 560� C, and had just begun

heating up. Each day then consisted of four phases:

� Charging . We input heat from the primary heater to the bottom of the thermal

storage tank. This represents solar heat input during the day.

� Simultaneous electricity production while charging. With the primary heater still

on, we opened the valved thermosyphon to transfer heat to theTEGs for electricity

production. This represents electricity generation at theend of the day while the sun

is still shining.

� Discharging from stored energy. We turned the primary heater o� and left the valved

thermosyphon open to transfer the latent heat of the PCM to the TEGs for electricity

production. This represents electricity production at night when the sun is not shining.

� Storage . At the end of discharge, we closed the valved thermosyphon and left the

primary heater o� so the only heat 
ows were losses from the storage system. This

represents an overnight period when electricity demand is low, before the sun starts

shining to repeat the cycle.

During the simultaneous phase, we found that the heat transferred out of the PCM

(including useful heat transferred to the TEGs as well as losses to the sides of the storage

tank and valved thermosyphon) was higher than the heat inputto the PCM from the primary

heater. Because of this net heat 
ux out of the PCM, some of thePCM solidi�ed. We then

added an additional re-heating phase between the simultaneous and discharging phases, so

that at the beginning of discharge, all of the PCM would be liquid. This meant that our

experiment had two distinct periods of electricity generation, and two on/o� cycles of the

valved thermosyphon, for each simulated day.

To further illustrate this experimental design, temperatures of the heaters on the outside

of the prototype are provided in Figure 4.8(d). Primary heater input to the bottom of the
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thermal storage tank began just before the beginning of the day and lasted through charging,

simultaneous, and re-heating phases until the beginning ofthe discharging phase. When on,

the primary heater operated at a temperature of near 780� C. When o�, it dropped to a

temperature closer to that of the thermal storage tank, near540� C. As discussed in Section

4.4.1, the guard heaters were not actively powered and simply acted as passive insulation for

a majority of the experiment. The PCM guard heater temperature was then slightly lower

than the temperature of the outside of the thermal storage tank, near 570� C for most of the

experiment but dropping to 500-510� C at the end of the storage phase. Valve guard heater

temperatures were higher when the valve was open (550� C for the �rst day and a half before

the guard heater was shut o�, and 370� C for the rest of the experiment) compared to when

the valve was closed (220-230� C for simulated days 2-4).

4.4.4 Data analysis methods

To calculate the heat 
ows in Section 4.5.2 and Figure 4.9, we used temperature measure-

ment data and one-dimensional analytical heat transfer models. Full details of our heat 
ow

calculation methods, including uncertainty in the measurements and calculations (which we

performed using the root sum squared method), can be found inSupplementary Information,

but we provide a brief summary here.

To calculate thermal power delivered to the power block, we used the heat exchanger on

the cold side of the TEGs as a calorimeter and calculated heat
ow as the product of the

water 
ow rate (measured with an Omega FLR1012-D 
owmeter), density and heat capacity

of water, and temperature di�erence between the inlet and outlet of the heat exchanger. To

calculate PCM loss and thermosyphon loss, we took temperature measurements on the inside

and outside of the guard heaters and modeled the thermal resistance between these locations

based on published material properties. We then calculatedthe heat 
ow rate through each

guard heater as the ratio of the temperature di�erence to thethermal resistance. To calculate

heater power input to the bottom of the thermal storage tank,we used a radiation calculation

method based on temperature measurements on the top surfaceof the primary heater and
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the bottom surface of the thermal storage tank. We veri�ed this calculation with an estimate

based on the latent heat of the PCM and other calculated heat 
ows.

4.5 Experimental results and discussion

In the following three subsections, we show temperatures, heat 
ows, and electrical power

output of our prototype during an experiment of four simulated days. Our results show

that this system performed well for three key criteria: (1) the thermal storage system was

able to receive and evenly distribute heat with small temperature gradients, (2) the valved

thermosyphon e�ectively controlled heat 
ow, and (3) we found small temperature drops at

interfaces between subsystems.

4.5.1 Temperature measurements

Figure 4.8 shows temperatures measured at key locations of the prototype during the

four simulated days of operation. Here we describe temperature measurements from bottom

to top, following the general direction of heat 
ow, while considering prototype performance

based on the three criteria discussed above.

For our �rst criterion of prototype performance, we found that PCM temperatures were

very uniform throughout the experiment. Figure 4.8(c) showstemperature measurements

from �ve locations inside the thermal storage tank, represented by their radial and vertical

positions, respectively: (0", 6"), (3",1"), (6", 6"), (3", 12") and (6",12"). These temperatures

in the PCM remained within � 5� C for the duration of the experiment, which is primarily a

result of the high thermal conductivity of the aluminum-silicon PCM. This occurred while we

observed temperature di�erences of 10-12� C on the outside of the tank, which we attribute

to imprecise thermocouple locations and higher contact resistances for these measurements.

For our second criterion of prototype performance, we foundthat the valved thermosyphon

was able to e�ectively and repeatably control the temperature delivered from the thermal

storage tank to the TEGs. In Figure 4.8(b), we observe that when the valve was closed

(during the charging phase), the temperature drop across the interior of the valved ther-
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Figure 4.8: Temperatures measured during four simulated days of prototype operation. Each
day consisted of 4 phases. Heat was input during the charging and simultaneous phases, and
the valved thermosyphon was open during simultaneous and discharge phases. These tem-
perature results demonstrate strong performance in several aspects of the prototype. (a)
TEG temperature responded quickly to operation of the valved thermosyphon. (b) The
temperature drop from the evaporator to the condenser of thevalved thermosyphon repeat-
ably dropped from 310-325 to< 6� C when the valve was opened. (c) All PCM temperatures
remained within � 5� C for the duration of the experiment, and were relatively constant
while the PCM was changing phase. (d) shows that heat was input from the primary heater
at a temperature of 780� C, and because they were not powered, guard heater temperatures
followed the temperatures of the subsystems they surrounded. Throughout the prototype,
interfaces between subsystems demonstrated small temperature drops, such that 525 of the
565� C temperature drop from the PCM to the heat exchanger occurred across the TEGs.
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mosyphon from the evaporator to the condenser was 310-325� C, and when the valve was

open (during simultaneous and discharging phases), this temperature drop was< 6� C.

For our third performance criterion, we consider the temperature drops at interfaces

between subsystems. When the system transferred heat from the storage tank to the TEGs

to produce electricity, Figure 4.8 shows that the temperature di�erence between the PCM and

the evaporator of the valved thermosyphon was 15-20� C, the temperature di�erence across

the valved thermosyphon was< 6� C, and the temperature di�erence from the condenser of

the valved thermosyphon to the hot side of the TEGs was� 15� C. Thus, a majority of the

temperature drop, � 525� C, occurred across the TEGs, which is desired for high potential

Carnot e�ciency at the power block.

TEG temperatures in Figure 4.8(a) closely tracked those of the valved thermosyphon

in response to valve operation. When the valve was open, TEG hot side temperatures

ranged from 500-550� C, and cold side temperatures ranged from 35-95� C. When the valve

was closed, TEG hot side temperatures ranged from 110-150� C, and cold side temperatures

typically ranged from 25-30� C. These temperature drops show that the thermal resistance

of the TEGs was well matched to the heat 
ows of this prototype, and that the TEGs give

an accurate representation of the thermal performance of a commercial system design that

may use an alternative power block.

4.5.2 Heat 
ows and thermal e�ciency

Figure 4.9 shows heat 
ows throughout the prototype during this experiment, calculated

as described in Section 4.4.4. Here, we discuss these heat 
ows and use them to evaluate the

ability of the prototype to control heat 
ow with the valved t hermosyphon and to determine

subsystem thermal e�ciencies.

During the charging phase, thermal power input from the mainheater to the thermal

storage tank was 900-1000 W. Of this, 280-285 W were lost to thesides of the PCM, 30

W were lost to the sides of the valved thermosyphon, and 50-55W were lost through the

valved thermosyphon to the heat exchanger. Other miscellaneous losses also occurred from
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Figure 4.9: Prototype heat 
ows. During charging,� 25-30% of the 900-1000 W of thermal
power input from the main heater to the storage tank went intothe PCM, while the rest was
lost to the sides of the PCM, the sides of the valved thermosyphon, into the heat exchanger,
and other miscellaneous losses. During simultaneous and discharge phases, thermal power
delivered through the valved thermosyphon increased dramatically as the valve was opened,
leading to an associated increase in electricity output from the TEGs.
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the tank stand, evaporator plate, and condenser of the thermal valve, but were not directly

measured. Based on the heat of fusion of the PCM, and the time it took to melt, we estimate

that the remaining 250-300 W went into the PCM as it melted.

Because a commercial STEALS system would receive heat input from concentrated sun-

light, we are less concerned with the miscellaneous losses that were not directly measured

because they are speci�c to our test setup rather than providing an accurate assessment of

a real system. However, these losses did reduce heat input to the PCM, which increased

charging time and reduced prototype e�ciencies.

When the valve was opened for the simultaneous and discharge phases, the thermal

power delivered to the power block increased from 50-55 W to 380-400 W. Correspondingly,

thermosyphon loss increased from 30 W to 135-140 W during these periods. However, PCM

loss remained nearly constant at 280-285 W because of the nearly constant temperature

of the PCM even during discharge. During the simultaneous phase, heat input from the

primary heater was the same as during the charging phase, 900-1000 W, and when the

heater was turned o� for discharge, the heater cooled down but remained at a slightly higher

temperature than the bottom of the storage tank, such that about 60 W of heat was still

input from the main heater to the storage tank. Miscellaneous losses from the tank stand,

evaporator plate, and condenser of the thermal valve not depicted in Figure 4.9 decreased

from 200-350 W to 80-160 W when the heater was turned o�, due tothe reduced temperature

of the tank stand during that time.

This heat 
ow rate data provides several metrics for the ability of the valved ther-

mosyphon to control heat 
ow. Considering the increase in heat 
ow rate and corresponding

decrease in temperature drop across the valved thermosyphon when opened, we calculate

an on/o� thermal conductance ratio of 430 (where thermal conductance is the ratio of heat


ow rate to temperature drop). This demonstrates that the valved thermosyphon is able

to e�ectively transfer heat when desired, but limit losses when closed. Another important

metric for heat 
ow control of the valved thermosyphon is \on"/\o�" response time. When
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the valve was opened for discharge, it took 13-14 minutes forthe system to ramp up to 50%

of full power, and 47-57 minutes to ramp up to 90% of full power. After the valve was closed

to enter the storage phase, it took 55-83 minutes for the system to ramp down to 50% of

full power, and 210-253 minutes to ramp down to 10% of full power. The longer shut-down

time is due to the process of collecting all sodium above the valve in the condensate funnel,

and because of the relatively large thermal mass of the insulation surrounding the valved

thermosyphon. However, a turn-on time of 15 minutes opens theSTEALS technology to

grid services that typically require spinning reserves.

As our �nal consideration of the ability of the valved thermosyphon to control heat 
ow,

we de�ne its exergy e�ciency � X;T S as the ratio of exergy out of the valved thermosyphon

to exergy into the valved thermosyphon:

� X;T S =
X out

X in

where

X out = Qdelivered (1 �
Tamb

Tcondenser
)

and

X in = ( Qdelivered + QT Sloss)(1 �
Tamb

Tevaporator
):

Qdelivered is the energy delivered through the valved thermosyphon to the heat exchanger,

QT Sloss is heat lost to the sides of the valved thermosyphon, andTamb, Tevaporator , and

Tcondenser are the temperatures of the water heat exchanger, the evaporator of the valved

thermosyphon, and the condenser of the valved thermosyphon, respectively.

Based on the temperature and heat 
ow data in Figure 4.8 and Figure 4.9, we calculate

exergetic e�ciency during the discharging phase (� X;T S;dis ) to be 70-73%. Over 99% of the

exergy loss came from heat loss to the sides of the valved thermosyphon, and less than

1% of exergy loss was due to temperature drop across the valved thermosyphon. This

indicates that a commercial scale system with su�cient insulation to limit side heat loss
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would perform with an exergetic e�ciency of near 99% [73]. Ona daily basis, accounting

for losses that occurred during the extended charging period of our simulated day, the daily

exergetic e�ciency (� X;T S;day ) of the valved thermosyphon was 27-30%. See Section 4.4.1 for

a discussion of insulation losses.

The heat 
ow data in Figure 4.9 also allow us to determine a variety of thermal e�ciencies

of the prototype (Table Table 4.1). One such e�ciency is an \instantaneous discharge

e�ciency," � inst:discharge , which we de�ne as the ratio of thermal power delivered to theheat

exchanger, _Qdelivered , to the total thermal power out of the thermal storage tank, _QP CMtank :

� inst:discharge =
_Qdelivered

_QP CMtank

where the thermal power out of the thermal storage tank can beexpanded into components of

thermal power delivered, thermosyphon loss_QT Sloss, PCM loss _QP CMloss , and heater thermal

power input _Qheater .

_QP CMtank = _Qdelivered + _QT Sloss + _QP CMloss � _Qheater

During the discharging phases of the experiment,� inst:discharge was 50-53%. However,

this e�ciency does not account for losses from the tank standand thermosyphon condenser.

A more accurate representation of the ability of the prototype to transfer stored energy to

the power block may be the \discharge e�ciency,"� discharge , which we de�ne as the ratio of

energy delivered to the heat exchanger during an entire discharge period (Qdelivered;discharge )

to the latent heat stored in the PCM (based on the mass,mP CM , and heat of fusion, � hf ,

of the PCM). For all four simulated days, we �nd that � discharge was 13-17%.

� discharge =
Qdelivered;discharge

mP CM � hf

A third e�ciency we can consider is the overall system \heat 
ow e�ciency", or the ratio

of all useful heat deliveredQdelivered (during simultaneous and discharge phases) to heater

input for a full simulated day:

� heatf low =
Qdelivered

Qheater
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For simulated days 2-4, we calculate� heatf low to be 4.3-5.6%. However, this is an arti�-

cially low representation of the thermal e�ciency of the system, partially because it includes

losses over a much longer period of time during charging and re-heating than would be expe-

rienced by a real system (each simulated day took 74-87 hours, because the primary heater

was undersized). Further, the heat 
ow e�ciency of this prototype is lower than a commer-

cial scale system because of its small size and subsequent high surface area to volume ratio.

We also note that we could not accurately estimate the overall system heat 
ow e�ciency

for simulated day 1, because during the beginning charging period some power was input

from the guard heaters but the magnitude of this power could not be estimated.

4.5.3 Electrical power output

In Figure 4.9, electricity production from the TEGs when \on"was near 5 W. In the \o�"

state, electricity production was 1.5-2 W. The high o�-statepower production is partially

due to losses through the valved thermosyphon, but is also a limitation of using TEGs

as the power block, because their power output depends only on their hot and cold side

temperatures and cannot be further controlled. Other heat engines such as Stirling engines

could be actively turned o� once the hot side temperature is su�ciently reduced. This would

reduce heat 
ow through the valved thermosyphon when it is not desired and thus increase

storage e�ciency. We also note that in previous preliminaryexperiments, TEG power output

reached as high as 14 W. The TEGs degraded over time, and had much lower e�ciency than

expected.

We de�ne \daily TEG e�ciency," � T EG , as the ratio of TEG electricity output (WT EG ) to

heat delivered to the heat exchanger (Qdelivered ) during simultaneous and discharge phases:

� T EG =
WT EG

Qdelivered

For all simulated days,� T EG was 1.2-1.3%. While they were useful in this experiment for

their simplicity, TEGs are not yet commercially available with high e�ciency and reliability

in the temperature range of our thermal storage system (above 500� C). As a result, the
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overall \daily system e�ciency," � system , (ratio of electricity output to heat input from the

primary heater) was 0.04-0.05%.

� system =
WT EG

Qheater

However, a full scale commercial scale system may use a highere�ciency power block

(such as a Stirling engine at 30% e�ciency), which would alsoresult in a higher system

e�ciency.

Table 4.1: Summary of prototype heat 
ows and e�ciencies. Inthe Charging state, the
primary heater was powered, the valved thermosyphon was closed, and losses were meant
to be minimized. In the Discharging state, the primary heater was not powered, the valved
thermosyphon was open, and heat was intentionally transferred to the TEGs for electricity
generation. All e�ciencies are de�ned in Sections 4.5.2 and 4.5.3.

Power [W] Charging Discharging
Primary Heater Input 900-1000 60
PCM Loss 280-285 280-285
Thermosyphon Loss 30 135-140
Thermal Power Delivered to HEX 50-55 380-400
Miscellaneous loss 200-350 80-160
TEG Electricity Output 1.5-2 5
E�ciency [%]
Valved thermosyphon exergy e�ciency (discharge) � X;T S;dis 70-73
Valved thermosyphon exergy e�ciency (daily) � X;T S;day 27-30
Instantaneous discharge e�ciency � inst:discharge 50-53
Discharge e�ciency � discharge 13-17
Heat 
ow e�ciency � heatf low 4.3-5.6
Daily TEG e�ciency � T EG 1.2-1.3
Daily system e�ciency � system 0.04-0.05

4.5.4 Corrosion results

One of the issues encountered in this experiment was material compatibility between

the Al-Si PCM and the steel tank used for containment. If steelis exposed to molten Al-

Si, it will dissolve into the melt in a matter of hours. To prevent this from happening in

our prototype, we used a MgO-ZrO2 coating (Metco 210NS-1) deposited by a plasma-spray

method on the heat pipes and thermal storage tank. However, post-experimental analysis
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(see Supplemental Figures S19-S21) showed that in some locations, the coating failed and

allowed PCM to come into contact with the steel tank. This failure may have been caused by

pinholes left after the coating process, or could have been aresult of cracks formed because

of thermo-mechanical stresses during cycling. The coatingfailure led to dissolution of the

steel tank and heat pipe walls into the PCM. While we observed no signi�cant impact on the

PCM thermal performance and there was no complete tank failure, we found that in some

locations the thickness of the steel wall reduced from 0.095inches to as low as 0.014 inches.

It is likely that if we continued the experiment for a few additional cycles, more of the steel

wall would have dissolved into the PCM and would have led to a tank failure that would

allow PCM to leak out of the thermal storage tank. While the MgO-ZrO2 coating provided

a temporary solution for the duration of our laboratory experiments, an alternative design

or coating method is likely necessary for long-term operation.

4.6 Conclusion

In this work, we designed, built, and tested a prototype latent heat storage system using

the aluminum-silicon eutectic as a PCM and a valved thermosyphon for heat 
ow control.

Over four consecutive simulated days, this prototype demonstrated strong performance for

all key metrics that we evaluated. First, the thermal storagetank was able to receive and

distribute heat with temperature gradients of < 6� C throughout the PCM. Second, the

valved thermosyphon was able to control heat 
ow with an on/o� thermal conductance ratio

of 430 and an exergetic e�ciency of 70-73%. Third, temperature drops at interfaces were

minimal, such that a majority of the temperature drop acrossthe system occurred across

the power block (525 of 560� C), which is desired for high e�ciency.

Both thermal and electrical e�ciency of the prototype were lower than could be achieved

by a commercial full scale system. This is primarily due to the small scale of the prototype

and lower-than-expected performance of the TEGs. Thermal performance could be improved

by scaling up and improving solar heat input, and electrical conversion e�ciency could be

improved by switching from TEGs to a higher e�ciency power block (such as a Stirling
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engine).

Due to corrosion challenges, future success of this technology requires development of a

containment system that is compatible with the Al-Si PCM, or use of an alternative PCM. A

breakthrough in this area, and further work to demonstrate larger scale systems, may enable

STEALS to provide low cost, modular, dispatchable electricity for microgrids or larger scale

energy storage.
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CHAPTER 5

PROTOTYPE LATENT HEAT STORAGE SYSTEM WITH ALUMINUM-SILICON AS

A PHASE CHANGE MATERIAL AND A STIRLING ENGINE FOR ELECTRICITY

GENERATION
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This is the key experimental paper of my thesis. Building upon what we learned in the

previous 3 years, we set out to meet our �nal ARPA-E project goals with this prototype:

power generation for> 5 hours at > 100 We and 9% thermal to electric e�ciency. However,

after initial diagnostic experiments, we found that we could vary the engine set-point to

reach higher power levels (over 1 kWe), and much higher e�ciency (18.5% conversion of

stored thermal energy to electricity, and 8.6% e�ciency on adaily basis). This was� 200�

higher performance than in our �rst prototype, and exceededthe reported e�ciency of any

previous experimental demonstrations that combined latent heat storage with a heat engine.

This demonstration was a major advancement in developing our proposed system, and

made our previous prediction of 18% annual e�ciency appear to be reasonable. Reviewing

our previous cost modeling from Chapter 3, we still believe that this system has some

potential for commercial development, as long as the technical hurdle of Al-Si containment

(Chapter 6) can be overcome.

12Concept development
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5.1 Abstract

In this work, we present the design and experimental resultsof a prototype latent heat

thermal energy storage system. This prototype used 100 kg ofAl-Si as a phase change

material with embedded heat pipes for e�ective heat transfer, a valved thermosyphon to

control heat 
ow out of the thermal storage system, and a Stirling engine to convert heat

to electricity. We tested this system for 11 simulated days of operation; each day included

charging of the thermal storage tank, simultaneous electricity generation with heat input,

and electricity generation from stored heat alone. On each simulated day, we set the engine

to a di�erent power level, allowing us to investigate the response of heat pipes and our

valved thermosyphon to part-load conditions. The prototype demonstrated a maximum

e�ciency of 18.5% in converting stored heat to electricity,at a maximum power output of

just over 1 kWe. Extending these results to a commercial scale system with solar heat input,

our modeling indicates that a discharge e�ciency of over 30%and an annual e�ciency of

18% could be achieved. This work con�rms previous performance and cost modeling, and

demonstrates that this system has potential for future commercial development.

5.2 Background

Energy storage is an emerging component of electric grids, because it could enable high

levels of deployment of inexpensive renewable electricity. As photovoltaics and wind power

grow, so will the need to compensate for their inherent variability, and the value of energy

storage will continue to increase [11]. While many storage technologies are currently being

developed, one option with potential for very low cost is thermal energy storage. With

an incremental energy storage cost of 15-20 $/kWh [18], thermal energy storage alone or

in combination with concentrating solar power (CSP) has a competitive advantage over

other technologies for long duration (> 5 hour) storage [10, 111]. This means that CSP could

contribute signi�cantly to reducing global carbon emissions, because it provides clean energy

itself while also complementing growth of photovoltaics and wind power [5].
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Though CSP has not been a historically prominent technology(it currently accounts for

� 0.2% of global electricity generation capacity [2]), its value is being increasingly recognized,

and commercial development is expanding [100, 131]. Solar power towers are currently either

planned or under construction in Australia, Chile, China, Greece, Morocco, South Africa,

and the United Arab Emirates. While this is encouraging for CSP generally, these plants

are relatively expensive (> 10 g/kWh of electricity generation), and very large (100 MWe or

more) [2, 20, 21]. Further, their storage systems are all based on sensible heat storage with

molten salt materials. These salts are stable only in a narrow temperature range (290-560� C

[20]), leading to relatively low energy density and limited potential for high power block

e�ciency. This leaves opportunities for further technology development via (i) improving

e�ciency by increasing temperatures, (ii) reducing cost with alternative methods of storage

and heat transfer, or (iii) creating modular designs to openCSP to new markets.

One alternative storage method that has received signi�cant attention is latent heat

thermal energy storage. In this method, energy is stored in the phase change of a material,

which is attractive for its higher energy density than traditional sensible heat storage. This

reduces the amount of storage material that must be used, which reduces the size and

resulting cost of the thermal storage system. Conceptually, CSP with phase change materials

(PCMs) has been proposed in combination with many di�erent heat engines for electricity

generation, including organic Rankine, Brayton, and Stirling engines, and thermoelectric

generators [24, 53, 56, 61, 118, 132]. However, only a few prototype systems have integrated

both PCM storage and power generation into a complete systemdemonstration [26, 50, 51,

54, 133{135]. Further, most of this previous work has used salt materials as a phase change

material (PCM). These salts are generally chosen because they have very low material cost

(sometimes below 1 $/kWh) and reasonably high energy density. However, the critical

limitation of salt materials is their low thermal conductivity, which necessitates advanced

heat exchanger designs in order to achieve high exergetic e�ciency and high charge/discharge

rates [27, 38, 39, 41, 60].
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As an alternative class of materials that could be e�ectivelyused as PCMs, metals have

much higher thermal conductivities. This leads to simpler integration into storage systems,

with uncomplicated low-cost heat exchanger designs. This advantage has encouraged several

studies to focus on metal alloys as PCMs [28, 44, 124, 136, 137]. These studies have generally

found that aluminum alloys are especially compelling for their combination of low material

cost, high energy density, and high thermal conductivity. Aluminum also has lower embodied

energy than other metals, making it a particularly sustainable material [71]. An issue with

aluminum alloys, however, is corrosion with conventional metal containment systems; this

has led to e�orts to �nd reliable containment systems, including those using ceramics [66,

138, 139], or encapsulation methods [49, 140].

In previous work, we designed a novel modular solar power tower that integrated an

aluminum-silicon alloy (Al-Si) into a complete system held on top of the tower. This design

is distinctly di�erent from traditional CSP systems because of its small scale (� 100 kWe

rather than � 100 MWe) and its passive heat transfer with heat pipes rather than pumped


uids. This provides advantages in several areas: ability to target market applications with

low power requirements, low capital cost resulting in low risk, rapid technology develop-

ment through iteration, and low operation and maintenance requirements. We modeled the

performance and cost of a commercial system based on this design, and found that it had

potential for market competitiveness when operated as a peaking plant to complement elec-

tricity generation from photovoltaics [73]. We also built an initial prototype of this system,

using thermoelectric generators for converting heat to electricity. This �rst prototype demon-

strated that the system design would function, but had relatively low conversion e�ciency

from the thermoelectric generators and su�ered high thermal losses [117].

In this paper, we present an improved prototype latent heat thermal storage system,

with a Stirling engine for higher thermal-to-electric conversion e�ciency and improved heat

transfer design for higher thermal e�ciency. We begin by describing our prototype design,

construction process, and measurement system. Then, we present experimental results for
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11 simulated days of operation, including temperatures, heat 
ows, and e�ciencies. Finally,

we discuss how these results relate to previous work, consider potential future improvements,

and extend our results to a commercial scale system. Together, our results and analysis show

that latent heat storage in general, and this system in particular, has potential for future

commercial success.

5.3 Prototype design and construction

In this section, we describe our prototype design, construction process, and measurement

system. The prototype, shown in Figure 5.1 (with a photographprovided in Figure 5.2),

included the components of our design that would be located on top of the tower: a thermal

storage system, a valved thermosyphon, and a Stirling engine.

5.3.1 Thermal storage system

Our thermal storage system design (PCM, tank, and heat pipes) was centered around

our selection of Al-Si as a PCM. We chose the eutectic composition of Al-Si (12% silicon) for

isothermal phase change and congruent melting, and used the4047 aluminum alloy (11-13%

silicon) because it was readily available and inexpensive.Based on the energy density of

this alloy (470 kJ/kg [117]) and the physical constraints of our test chamber, our prototype

included 100 kg of PCM, which corresponds to 13 kWh of thermal energy storage. Including

the volume displaced by heat pipes, additional space for thevolume change of the PCM upon

phase transformation from solid to liquid (5%), and extra head space for ease of construction,

our thermal storage tank had both an internal diameter and height of 0.4 m. The tank walls

were 1.5 mm thick, and were made of 304 stainless steel.

To transfer heat into and out of the PCM, our heat exchanger design used an array of

sodium heat pipes. Previous modeling found the cost-optimized distance between these heat

pipes to be 40 cm [73]. For this prototype, that would have resulted in a design with just

one heat pipe. However, to demonstrate that the system could function with multiple heat

pipes in parallel, we used three heat pipes arranged symmetrically within the storage tank,
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Figure 5.1: Our prototypeincluded all components of our design that would be held on top
of a solar power tower. The thermal storage tank, made of ceramic-coated stainless steel,
contained 100 kg of Al-Si as a PCM to store 13 kWh of thermal energy. Three sodium
heat pipes are located inside the thermal storage tank to evenly distribute heat into and
out of the PCM. The valved thermosyphon could be opened or closed to control sodium

ow (liquid represented by blue arrows, vapor by red arrows)and subsequent heat transfer
from the storage tank to the Stirling engine, where the stored thermal energy was converted
to electricity. Heaters underneath and to the sides of the thermal storage tank simulated
heat input from concentrated sunlight, and all components were contained inside a vacuum
chamber during experiments for safety precaution.

117



18.5 cm apart. Each heat pipe had an overall length of 0.4 m, including a 0.3 m length of

straight tubing (2.5 cm outside diameter) in the middle, with a 5 cm tall, 15 cm wide conical

shape at either end. The intent of this shape was to minimize the PCM volume displaced

while maximizing surface area for heat transfer at the bottom and top of the thermal storage

tank, but still using simple geometry that could be easily manufactured. Each heat pipe was

made of 304 stainless steel, and was lined on the interior with 2 layers of #100 stainless

steel mesh to wick sodium and enhance sodium nucleation. Support ribs were welded to the

interior of the bottom surface to limit deformation due to thermal and mechanical stresses.

Each heat pipe was �lled with 120 g of sodium.

To create a corrosion barrier between the PCM and stainless steel surfaces, both the tank

and heat pipes were coated with a plasma-sprayed ceramic coating. The coating material

was a magnesia-stabilized zirconia (Metco 210NS-1), with a Ni-Cr-Al alloy (Metco 443) as

a bond coat.

5.3.2 Valved thermosyphon

A key to the value of our system design is its ability to turn onand o� on demand. To

accomplish this, our design included a valved thermosyphonas depicted in Figure 5.1. The

red arrows in this �gure represent sodium vapor, and blue arrows represent liquid sodium.

Starting at the bottom of the valved thermsyphon, a layer of liquid sodium on the evaporator

surface receives heat input from the heat pipes of the thermal storage tank. This sodium

evaporates and travels up the vapor tubes, then condenses onthe heater head of the Stirling

engine. The condensed liquid sodium is collected by a funnel, and travels down through a

liquid return tube to the evaporator, where it continues thecycle. The liquid return tube has

a valve in the middle (Swagelok SS-12UW-TW-HT), which can be closed to prevent sodium

from returning to the evaporator, e�ectively turning \o�" h eat transfer from the thermal

storage tank to the Stirling engine.

We previously presented detailed design and thermal analysis of this valved thermosyphon

concept [73, 103], and experimentally demonstrated the idea alone [120] and integrated with
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Figure 5.2: Photograph of prototype before addition of side heaters and insulation. The
thermal storage tank in the middle of the photograph contained 100 kg of the Al-Si eutectic
as a PCM. Above this, a valved thermosyphon provided \on"/\o� " control of heat transfer
to the Stirling engine at the top of the test chamber which converted the heat to electricity.
Underneath the storage tank is a resistive heater; beneath the heater is insulation. For scale,
the interior of the test chamber was 0.9 m wide and 1.2 m tall.
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an initial prototype thermal storage system [117]. Here, we slightly modi�ed the design

to allow incorporation of the Stirling engine into the system. Our primary concern was

the engine vibrates during normal operation, and if the vibrations were translated down

to the heat pipes, the coating on the exterior of the heat pipes would be at increased risk

for mechanical failure. To dampen these vibrations, we integrated 
exible tubing (Kurt J

Lesker MHT-TE-B03) into the vapor and liquid return tubes. Another design aspect unique

to this version of the valved thermosyphon was that we included Swagelok VCR �ttings in

the middle of the vapor and liquid tubes so that we could construct the valved thermosyphon

in two parts, which improved our assembly process. As a �nal modi�cation from previous

designs, we reduced the condenser diameter to match the sideof the Stirling engine heater

head, to minimize nonessential area where heat losses couldoccur.

The overall height of the valved thermosyphon was 0.3 m. The vapor tubes and liquid

return tube had an outside diameter of 2.5 cm. The evaporatordiameter was 0.4 m (matching

the thermal storage tank), and the condenser diameter was 0.25 m (just larger than the

Stirling engine heater head). The evaporator surface was lined with three layers of #100

stainless steel mesh, and all other surfaces were bare. The interior was �lled with 400 g of

sodium. All components of the valved thermosyphon were made of 1.6-3.2 mm thick 304

stainless steel.

5.3.3 Stirling engine

For this prototype, our power block was a 3 kWe Stirling engine from American Super-

conductor. This Stirling engine used a gamma-type free piston design for a high reliability,

with helium as a working 
uid and water cooling to maintain a low temperature at the cold

side of the engine. The electrical power output of the enginematched the frequency of the

piston movement,� 60 Hz. At full power, the electrical output of the engine was 3 kWe (200

VAC RMS at 15 ARMS ), with a design hot side temperature of 700� C. In these experiments, we

ran the engine at 0.1-1 kWe (40-120 VACRMS and 2.5-8 ARMS ) with a hot side temperature

of 400-550� C. This o�-design operation reduced e�ciency relative to potential commercial
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system performance, in which case the Stirling engine wouldbe custom built and optimized

for the power level and temperature.

5.3.4 Prototype construction process

As a �rst step in our prototype construction process, we fabricated the structural com-

ponents of the tank and heat pipes by standard drawing, metalspinning, machining, and

welding processes. We then polished all interior surfaces of the tank and exterior surfaces

of the heat pipes, and used a plasma-spray process to coat these surfaces with a magnesia-

stabilized zirconia coating (METCO 210NS-1), including an intermediate Ni-Cr-Al alloy

bond coat (METCO 443) between the steel and the magnesia-stabilized zirconia. Next, we

constructed all components of the valved thermosyphon, again using standard machining

and welding processes. Our design included Swagelok VCR connections in the vapor and

liquid tubes so that we could separate the valved thermosyphon into two parts. We then

welded the bottom half of the valved thermosyphon to the heatpipes, and the top half to

the Stirling engine.

With all structural components of the prototype fabricated,we prepared the interiors

of the heat pipes and valved thermosyphon by cleaning and de-greasing these surfaces. We

rinsed the components with water, �lled them with acetone for � 2 hours, then rinsed again

with water and dried overnight with a nitrogen purge. We thenpassivated the inside surfaces

to enhance sodium wetting and improve corrosion resistanceby �lling the components with

50% nitric acid for � 45 minutes, before rinsing with water and again drying overnight with

a nitrogen purge. Next, we �lled each heat pipe individually with sodium using a custom

sodium charging apparatus. This involved evacuating the heat pipe, melting sodium inside

of a separate charging vessel, then opening a valve to allow the liquid sodium to 
ow into

the heat pipes.

To install the prototype inside our test chamber, we began bymounting the Stirling

engine, with the top half of the valved thermosyphon attached, onto support blocks at the

top of the chamber. We then moved the bottom part of the prototype into the chamber,
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and made the connection between the bottom and top parts of the valved thermosyphon.

With the prototype in place, we �lled the valved thermosyphonwith 400 g of sodium using

the same process as for the heat pipes. Then, we installed thermocouples throughout the

system, and put insulation and radiation shields on the outsides of the heaters and other

prototype components.

To �ll the thermal storage tank with PCM, we placed rods of solid PCM at room tem-

perature into the tank by hand. However, this only �lled the tank with a 40% packing

factor, so we used the heaters to melt all of the PCM, cooled the system down, and repeated

the process three times until we had the desired amount of PCMinside the tank. This also

allowed us to run diagnostic tests to ensure that the measurement system and Stirling engine

were running properly.

5.3.5 Test chamber, heaters, and insulation

We tested our prototype inside of a stainless steel vacuum chamber as shown in Figure 5.1.

The purpose of this chamber was to reduce safety risk from potential failure of the sodium

heat pipes, the water cooling system, or the storage tank. During our experiment, the

chamber pressure was maintained near 25 mTorr by two EdwardsEM28 rotary vacuum

pumps. This operation in vacuum reduced thermal losses compared to a commercial system,

but this only had a minor impact on results because the primary thermal resistance to heat

losses was still insulation. In a commercial application, the interior of the storage tank would

likely be an inert environment to prevent oxidation of the Al-Si PCM, though the system

would not be under vacuum.

To simulate solar heat input from a heliostat �eld through a cavity receiver, we arranged

heaters underneath and to the sides of the thermal storage tank. We placed the bottom

heater (Thermcraft PH-C-16-OD) in direct contact with the thermal storage tank, using a

refractory oxide mud (EA198) to smooth the heater surface andimprove thermal contact.

This heater was the same diameter as the storage tank, and hada maximum power output

of 4 kW at 208 V, though during the experiment we typically operated it near 1 kW. The
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two semi-cylindrical heaters on the sides of the tank (Thermcraft VFR-180-18-14-V-S) were

spaced 2.5 cm from the outside of the tank, and used exposed heating elements to provide

radiative heat input at a maximum power of 1 kW at 110 V.

Because our prototype was� 100� smaller than a commercial scale design, it had a

higher surface area to volume ratio and therefore would haveexperienced signi�cantly higher

thermal losses than a commercial scale system if we had used standard inexpensive insulation.

To partially overcome this challenge, we placed high-performance insulation and radiation

shields on the outsides of the heaters and the valved thermosyphon. Our arrangement

underneath the bottom heater included a 1 cm thick board of calcium silicate insulation, a

gridded steel plate, four sheets of 1 mm thick stainless steel as radiation shields, and a 0.6 m

square, 5 cm thick piece of microporous silica insulation (Promalight 1000X). On the outside

of the side heaters, we used two wraps of 1 cm thick aerogel insulation (Pyrogel XTE). We

also used this same aerogel insulation to wrap the vapor tubes, liquid return, and all interior

spaces of the valved thermosyphon. On the exterior, we also placed two sheets of 1 mm

thick stainless steel that spanned from the bottom of the chamber to the top of the valved

thermosyphon to act as radiation shields.

5.3.6 Measurement system and data analysis methods

The key data to capture from our experiments included temperatures, heat 
ows, and

electrical power input and output. For temperature measurements, we used 105 type K

thermocouples, connected to a data acquisition system (National Instruments cDAQ-9178

chassis with NI-9213 modules) that transferred data to a computer via LabView software.

These thermocouples were placed inside the PCM (inside of ceramic protection tubes), on

the sides of the PCM tank, on the insides and outsides of the heaters, on the insides and

outsides of insulation, inside each heat pipe, at 10 locations inside the valved thermosyphon,

at the inlet and outlet of the Stirling engine water cooling system, on the exterior of the

Stirling engine, and on the test chamber walls. In some locations, we used sheathed and

ungrounded thermocouples so that they could be secured in place or would be protected
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from sodium, and in other locations, we used exposed junction thermocouples for improved

response.

To measure the heat rejected from the Stirling engine, we used its water cooling system as

a calorimeter. We placed thermocouples within 15 cm of the inlet and outlet of the cold side

heat exchanger, and measured the water 
ow rate with a 
owmeter (Omega FLR6305D).

We then estimated heat 
ow as the product of the volumetric 
ow rate, water density, water

heat capacity, and temperature di�erence across the heat exchanger.

To determine electrical power input to each heater, we multiplied the supply voltage by

current input, which we measured using current transducers(CR Magnetics CR4120-30).

Then, to estimate thermal power input from the heaters to thethermal storage tank, we

subtracted heat loss from the outside of the heaters. For this heat loss, we measured temper-

atures on either side of the insulation surrounding each heater, calculated a 1-dimensional

thermal resistance of this insulation, and estimated heat loss as the ratio of the temperature

di�erence to the thermal resistance. We used a similar method with temperature measure-

ments and a thermal resistance calculation to estimate heatloss from the sides of the valved

thermosyphon, and from the side of the thermal storage tank when the heaters were o�

during discharge.

To control and measure electrical power output from the Stirling engine, we used a

separate system developed by American Superconductor-ITC.The engine controller used

an active recti�er operating as a boost converter to rectifythe AC power coming from the

linear alternator windings, creating a 360 V DC rail. Then, electrical output voltage and

power data from the engine was measured with a National Instruments CompactDAQ data

acquisition system.

5.4 Experimental results

Here we discuss our experimental results, including temperatures, heat 
ows, and e�-

ciencies. Our experiment lasted for 11 simulated days, in which each day lasted 32-42 hours

and included four modes of operation: (i) charging, (ii) simultaneous electricity generation
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with heat input, (iii) re-heating to melt all of the PCM, and ( iv) discharge with electricity

generation from stored heat only. For each simulated day, wevaried the Stirling engine

set-point, allowing us to investigate performance of the system at di�erent thermal power

levels. This variation was intentionally randomized to avoid any aging e�ects on trends in

performance. We ended the experiment not due to failure of any prototype components, but

due to malfunction of the rotary feed-through that we used toopen and close the valved

thermosyphon.

5.4.1 Temperatures and heat 
ows

Figure 5.3 provides key temperatures and heat 
ows measured throughout the prototype

for the duration of our experiment. Figure 5.4 more closely examines this data for simulated

day 4, which demonstrated the highest daily system e�ciency.

In the red curves of Figure 5.3(a) and Figure 5.4, we show temperatures measured at

12 di�erent locations within the PCM, at heights ranging from 1-30 cm from the bottom

of the tank, and at radii 0-18 cm from the center of the tank. For the duration of the

experiment, all of these temperatures typically remained within 25� C of the PCM melting

temperature of 577� C (with exceptions during the extended discharges on days 1,7, and

9). This included super-heating at the end of the charging period up to 590-600� C, and

sub-cooling at the end of the discharge period to 500-570� C. We also observed very uniform

temperatures spatially throughout the PCM. The twelve lines that represent each location

are di�cult to distinguish, as they were all measured to be within 10� C for all parts of the

day except the sensible part of the discharge period. This isclose to expected performance

from previous modeling, which predicted a temperature dropof � 10� C during discharge for

a heat pipe spacing of 40 cm [73]. These uniform PCM temperatures indicate high exergetic

e�ciency of the storage system, and are a result of the high thermal conductivity of Al-Si

as a PCM and the high e�ective thermal conductivity of the sodium heat pipes.

Figure 5.3(b) shows �ve temperatures inside the valved thermosyphon: two in the vapor

space near the evaporator, and three in the vapor space near the condenser (i.e. the Stirling
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Figure 5.3: Experimental data collected for 11 simulated days of operation. (a) PCM tem-
peratures at 12 di�erent locations typically remained within 25� C of the PCM melting tem-
perature of 577� C, with less than 10� C temperature gradients throughout the thermal storage
tank. (b) The evaporator maintained a relatively high temperature for the duration of the
experiment, while the condenser temperature 
uctuated depending on whether the valved
thermosyphon was in an \on" or \o�" state. Beyond \on"/\o�" c ontrol, the thermal power
delivered to the engine in (c) was primarily controlled by the Stirling engine, whose e�ective
thermal resistance was modi�ed as we ran it at power levels from 0.1-1 kWe as shown in (d).
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engine heater head). The evaporator temperature remained above 500� C for most of the

experiment, while the condenser temperature 
uctuated depending on whether the valved

thermosyphon was in an \on" or \o�" state. In the \o�" state, t his condenser temperature

was typically 240-260� C, but when turned \on," we observed a sharp rise up to 450-550� C.

This rise corresponded to a similarly sharp increase in thermal power transferred to the

Stirling engine, demonstrating e�ective and repeatable heat transfer control.

Figure 5.3(c) provides data for the thermal power delivered to the Stirling engine. This is

the sum of the thermal power measured by the calorimeter at the cold side of the engine and

the electrical power output from the engine (Figure 5.3(d)).Each day, we varied the thermal

power to the engine using the engine controller; by varying the engine output voltage, we

modi�ed the amplitude of the piston stroke, which changed the compression ratio of the

Stirling engine and therefore its e�ective thermal resistance. The resulting amount of heat

pulled through the engine in these experiments ranged from 1.1 kWt at the lowest power level,

up to 4.3 kWt at the maximum power level. These thermal power rate extremacorresponded

to 90 and 1000 We of electrical power output from the engine.

Building upon these general temperatures and heat 
ows, in Figure 5.4 we consider the

transient response of the system to changes in operation on the fourth simulated day. When

the valve was opened at the transition from (i) the charging phase to (ii) the simultaneous

phase, the condenser temperature in Figure 5.4(a) and the thermal power delivered to the

engine in Figure 5.4(b) rapidly increased. Engine power roseto 50% of maximum power

output in � 6 minutes, and 90% of maximum power output in� 18 minutes. When the valve

was closed to turn electricity generation o�, we observed a similar response: power output

fell by 50% in � 18 minutes. However, this included a delay of� 10 minutes before there was

any noticeable change in power output. This delay was due to the fact that once sodium was

collected above the valve, it took several minutes for its temperature to fall below 500� C,

the point where the vapor pressure of the sodium su�ciently reduced to cause heat piping

to stop.

127



Figure 5.4: Experimental data collected for the fourth simulated day, which demonstrated
the highest daily system e�ciency. Temperatures in panel (a) and thermal/electrical power
in panel (b) responded quickly to transitions between modesof operation: (i) charging, (ii)
simultaneous electricity generation with heat input, (iii) reheating to melt all PCM, and (iv)
discharge with electricity generation from only stored thermal energy.
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In Figure 5.4, we also observe a reduction in condenser temperature and power output

over time during both (ii) simultaneous and (iv) discharge periods. During the simultaneous

period on simulated day 4, power output reached a maximum of 770 W and fell to 751 W

over 4 hours; during the discharge period, power output reached a maximum of 758 W and

fell to 676 W over 3.2 hours. This is an expected response of any latent heat storage system,

where the temperature delivered to the power block and resulting power output depends

on the state of charge. When fully charged, power output is highest, but this reduces over

time as PCM solidi�es around heat exchanger surfaces, reducing the temperature delivered

to the power block. The e�ect is relatively small in our system, with � 10% reduction in

power over the course of a full discharge cycle. However, if wehad used a PCM with low

thermal conductivity (1 W/mK) and a design with the same distance between heat pipes,

the thermal resistance of the PCM would have been 0.7 K/W by the end of the discharge

(calculated based on 1-D conduction through the PCM). This could have led to as much as

a 90% reduction in power output during a discharge cycle. This illustrates the value of our

high thermal conductivity PCM, and the importance of heat exchanger design for successful

latent heat storage systems.

As a �nal note on the temperature and heat 
ow data shown in Figure 5.3, the extended

power generation at low power levels at the end of day 1, 7, and11 were due to accidental

incomplete closing of the valve in the valved thermosyphon.During this time, all of the PCM

had solidi�ed, and the system reached a near-steady state inwhich heat input matched heat

losses and a reduced amount of power delivered to the engine.

5.4.2 Valved thermosyphon performance

Here, we consider performance speci�c to the valved thermosyphon in our prototype.

First, Figure 5.5(a) shows the average temperature drop through the vapor space of the

valved thermosyphon during each discharge period. This temperature drop increased linearly

with thermal power at low power levels, as expected for any thermal system. At higher power

levels, we observe larger temperature drops that indicate that we are approaching the sonic
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heat pipe limit [125]. For a commercial scale system, the design would have to account for

this limit by appropriately sizing the diameter of the heat pipes and valved thermosyphon.

Figure 5.5: Performance of our valved thermosyphon. (a) At low power levels, the average
temperature di�erence across the valved thermosyphon during discharge was as low as 10� C.
At high power levels, this increased non-linearly, indicating that we reached the sonic limit,
which could be overcome in a future design by increasing vapor tube diameter. (b) The
exergetic e�ciency of the valved thermosyphon ranged from 90% at a thermal power of 3.7
kW t to 98% at a thermal power of 1 kWt .

Next, this temperature drop data can be combined with the thermal power during dis-

charge to evaluate the e�ective thermal conductance of the valved thermosyphon. During

discharge, the temperature drop of 10-120� C and thermal power of 1-4 kWt demonstrate an

\on" state thermal conductance of� 50-100 W/K. This is more than two orders of magnitude

higher than in the \o�" state ( � 0.5 W/K.). As the system increases in size to a commercial

scale, losses in the o� state would fall due to the change in geometry, and this \on"/\o�"
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thermal conductance ratio could increase to as high as 104 [73].

Figure 5.5(b) considers the exergetic e�ciency of the valvedthermosyphon. Here, exergy

represents the potential for electricity production from the Stirling engine, which depends on

both the amount of heat input and the temperature at which theheat is delivered. Exergy

e�ciency of the valved thermosyphon is then the ratio of exergy output to exergy input,

X out =X in , where X out = Qout (1 � Tcold=Tcond) and X in = Qin (1 � Tcold=Tevap). Qout is the

thermal energy delivered to the engine, andQin is the thermal energy input to the valved

thermosyphon (the sum of power delivered to the engine and thermal losses to the sides of

the valved thermosyphon based on a 1D conduction calculation through insulation). Tcold is

the temperature of the cold side of the engine, andTcond and Tevap are the temperatures of the

condenser and evaporator of the valved thermosyphon, respectively. This exergetic e�ciency

ranged from 90% at high thermal power levels, to 98% at lower thermal power levels. Our

estimated thermal losses to the side of the valved thermosyphon were quite low (< 10 W),

which means that nearly all of the exergy loss is due to the temperature drop across the

valved thermosyphon. For an optimized commercial scale system, this temperature drop

would be lower, and the exergy e�ciency would be maintained closer to the 98% value that

we present here at low thermal power levels [73].

5.4.3 System e�ciency

We consider the thermal e�ciency of our prototype in Figure 5.6(a). Here, thermal

e�ciency (discharge) is the ratio of thermal energy delivered to the Stirling engine during

the discharge period to the total energy stored in the latentheat of the PCM. Thermal

e�ciency (daily) is the ratio of the total thermal energy delivered to the engine to the

total thermal power input to the thermal storage tank by heaters throughout an entire day.

With these results, we observe a maximum thermal e�ciency (discharge) of 84% and thermal

e�ciency (daily) of 36%, and see that thermal e�ciency increases nearly linearly with power.

This is primarily because at higher power levels, the discharge duration was shorter, which

reduced the amount of time for thermal losses to occur from the sides of the thermal storage
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tank and valved thermosyphon. In a larger system with lower surface area to volume ratio

and e�ective insulation, both of these thermal e�ciencies could approach near 99% [73].

Figure 5.6: Experimental e�ciencies. (a) A maximum of 84% of the latent heat stored in the
PCM was successfully transferred to the Stirling engine during discharge, and a maximum of
36% of the total thermal power input was successfully transferred to the Stirling engine on
a daily basis. (b) Stirling engine e�ciency increased with power up to 24%, until very high
power levels led to lower hot side temperatures and reduced e�ciency. Combined thermal
and engine e�ciency led to a maximum of 18.5% of stored latentheat being converted to
electricity, and a maximum of 8.6% of total heat input over the entire day being converted
to electricity.

In Figure 5.6(b), we provide results of both the Stirling engine e�ciency and overall

system e�ciency. Stirling engine e�ciency is the ratio of electrical power output to thermal

power delivered to the engine, and system e�ciency is the product of thermal e�ciency and

Stirling engine e�ciency. System e�ciency (discharge) then represents the percentage of

latent heat stored in the PCM that was converted to electricity during the discharge period,

and system e�ciency (daily) represents the percentage of thermal power input from the

heaters that was converted to electricity over an entire day.

As power increased in Figure 5.6(b), Stirling engine e�ciencyinitially increased, but

then later decreased. This was due to two competing e�ects: �rst, e�ciency increased at
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higher levels of part load (this engine was designed for 3 kWe), as �xed thermal conduction

losses through the outer walls of the engine remained nearlyconstant while engine power

output increased. Second, higher power levels led to a larger temperature drop through

the PCM, heat pipes, and valved thermosyphon. This resultedin a reduced hot side engine

temperature, which reduced engine e�ciency. Combined, these two e�ects led to a maximum

Stirling engine e�ciency of 24%, at a power level of 770 We and with an average hot side

temperature of 499� C during discharge. Considering both thermal and engine e�ciencies,

the overall system e�ciency (discharge) then reached a maximum of 18.5% at an engine

power level of 950 We, and system e�ciency (daily) reached a maximum of 8.6% at an

engine power level of 770 We.

5.5 Discussion

5.5.1 Comparison to prior experimental demonstrations

Only a few experimental e�orts to combine latent heat storage with power generation

have previously been completed [26, 50, 51, 54, 117, 133{135]. These systems typically either

used thermoelectric generators, Rankine cycles, or Stirling engines for power conversion, at

power levels of 1-10 We or 1-3 kWe. They included salt, sugar, or metal PCMs with enough

thermal storage capacity for 0.5-5 hours of generation. They also employed a variety of

di�erent heat exchanger designs, including systems with pumped oils, heat pipes, and pool

boilers.

Compared to these prior systems, our prototype is unique in its dispatchability, with the

ability to e�ectively turn on and o� heat transfer out of the t hermal storage tank using a

valved thermosyphon. In addition, our use of Al-Si as a PCM provides a distinct advantage

for its combination of high thermal conductivity, high energy density, and low material cost.

Our concept with tower-based storage is also novel, in contrast with previous designs for

dish or parabolic trough concentrators.

In our heat pipe design, we learned from and improved upon a previous demonstration

that used an NaF-NaCl salt as a PCM [26]. In this previous design,an extensive network of
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heat pipes shared a common vapor space. Due to the geometry ofthe design, sodium was

not equally distributed to all regions of the thermal storage system. This led several of the

heat pipes to experience dry-out, which limited heat transfer from the PCM in these regions.

Learning from this work, we isolated each of our heat pipes individually, so that each had

its own internal vapor space and would not dry out of sodium.

Considering the overall performance of previous lab-scaledemonstrations, e�ciencies

have been signi�cantly lower than they potentially could befor commercial systems. Instan-

taneous e�ciency for systems with Stirling engines has reached 15-25% [51, 133], but full

system e�ciencies (for all previous demonstrations that we are aware of) have been limited

to 3% or less [117, 133, 134]. Thus, our performance of 8.6% daily e�ciency and a 18.5% dis-

charge e�ciency (converting stored heat to electricity) represents a signi�cant improvement

for systems that combine latent heat storage with power generation.

5.5.2 Limitations of this prototype

While our prototype achieved strong results, we have also identi�ed a few areas for

further improvement. Our PCM, heat pipes, and valved thermosyphon demonstrated small

temperature gradients and high exergetic e�ciency, but nuances in our design could be

optimized to both reduce o�-state losses and improve on-state performance. This could lead

to enhanced thermal e�ciency, higher maximum power output,and improved overall system

e�ciency.

A signi�cant source of heat loss while charging and storing energy in this prototype

occured through the valved thermosyphon in the \o�" state. By using thinner vapor tube

walls, improved insulation, or increasing the overall height of the valved thermosyphon, heat

losses from conduction could be reduced. In addition, bent vapor tubes would block direct

radiation from the evaporator to the condenser, further limiting thermal losses in the valved

thermosyphon. Thermal losses from the storage tank were also inherently high due to the

small size of our prototype, and the amount of insulation we could use was constrained by

the size of our test chamber. In a future application, additional insulation could be added
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at a low cost for improved thermal performance.

Another limitation of this prototype was in its maximum thermal power capacity. We

originally designed the prototype for 1 kWt , but in actual operation, we transferred up to 4.3

kW t from the thermal storage tank to the Stirling engine. At these higher thermal powers,

we observed a non-linear increase in temperature drop through the valved thermosyphon

and heat pipes, due to sodium vapor velocities approaching the sonic limit. To prevent this

from happening in a future system, the diameter of the vapor tubes could be increased to

reduce sodium vapor velocity.

Finally, the Stirling engine that we used for these experiments was designed for 3 kWe,

though due to limitations discussed above, we only ran the engine at part loads of 0.1-

1 kWe. This resulted in a maximum thermal-to-electric conversion e�ciency of 24%, at

an average hot side temperature of 499� C (� 40% of potential Carnot e�ciency). However,

optimized Stirling engines have been demonstrated at over 40% e�ciency (over 50% of Carnot

e�ciency) [35], and applying this performance to our operation temperatures would result

in a conversion e�ciency of over 30%.

5.5.3 Implications for a commercial system

The primary di�erence between this prototype and a commercial system is size. A

commercial system with a storage tank 200� bigger than our prototype would have a 6�

lower surface area to volume ratio, naturally leading to a much higher storage e�ciency. With

additional low cost insulation, improvement to 99% annual thermal storage e�ciency would

be reasonable, and would match performance of previously demonstrated thermal storage

systems [141]. Adding in a Stirling engine e�ciency of 30%, a heliostat �eld e�ciency near

70%, and a receiver e�ciency of 95%, our previous predictionof 18% annual e�ciency also

still appears to be reasonable [73].

In this prototype, we showed that the system could quickly respond to desired changes

in operation, and could turn on and o� in � 18 minutes. A commercial system, with reduced

surface area to volume ratio, would increase its thermal mass less than linearly with power
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rating. This means that its response time would be even faster: our previous modeling

predicted an on/o� response time of just a couple of minutes [73]. This would allow the

technology to e�ectively act as a peaking plant for integration of variable generation from

renewable electricity.

Generally, our experimental results matched our previous expectations and con�rm the

potential performance of a commercial system of this design. Reviewing our previous cost

analysis inputs, we still project that levelized cost of electricity could reach < 10 g/kWh

at a 30% capacity factor. That would make this system competitive with alternatives of

photovoltaics with batteries and natural gas combustion turbines [73], and provides continued

motivation for development of this technology.

5.6 Conclusion

In this paper, we presented the design and experimental results of a prototype latent

heat storage system. This prototype included a thermal storage tank with Al-Si as a PCM,

a valved thermosyphon for heat transfer control, and a Stirling engine for converting heat

to electricity. We tested performance for 11 simulated daysof operation, under conditions

similar to those that would be experienced in a commercial system. To the best of our

knowledge, this is the �rst published demonstration of a dispatchable thermal storage system

that integrates a metal PCM and a Stirling engine. We also provide the �rst report of system

e�ciency for multi-day experiments on any system that combines a PCM with a Stirling

engine.

Our results demonstrated strong performance and a signi�cant improvement over our

previous prototype results [117]. Both prototypes demonstrated e�ective heat transfer, with

minimal temperature gradients throughout the PCM and high exergetic e�ciency in the

valved thermosyphon. However, this second prototype operated at higher power levels (over

1 kWe) and with more e�ective insulation, improving thermal e�ci ency from near 15% up

to 80%. The use of a Stirling engine in this second prototype also greatly improved thermal-

to-electric conversion e�ciency. This increased overall system e�ciency (daily) from 0.05%
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to 8.6%, and system e�ciency (discharge) from 0.2% to 18.5%.Considering future scale-

up and optimization, it is reasonable to expect further improvement to 18% annual system

e�ciency. This con�rms our previous performance and cost modeling, and shows that this

system has potential to be cost-competitive with alternative technologies.
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CHAPTER 6

EXPERIMENTAL STUDIES ON CONTAINMENT OF ALUMINUM ALLOYS FOR

THERMAL STORAGE APPLICATIONS

This chapter summarizes experimental work that we completed towards �nding a reliable

method of containment for Al-Si as a PCM for CSP. Thank you to Corey L Hardin, Robert

E Bell, Steven T Christensen, Judith C Gomez-Vidal, Philip A Parilla, Nathan P Siegel, and

Eric S Toberer for their help with coating method development, designing and performing

experiments, and analyzing results.

The motivation for selecting Al-Si came from the techno-economic and performance mod-

eling that I completed in Chapters 2 and 3. There, I found thatthe combination of high

thermal conductivity, high energy density, moderate material cost, and appropriate melt-

ing temperature made Al-Si the best candidate material amongall options we considered.

However, that analysis assumed that the CSP plant could reliably operate for 25 years, with

coatings or other methods employed to contain Al-Si with minimal corrosion over time. This

is a signi�cant technical hurdle, and an open problem that isstill being investigated.

As a contribution towards solving containment for Al-Si, we carried out a series of tests

on several potential materials and coating methods. This included steady-state experiments

on monolithic materials to establish thermodynamic stability, and cycling experiments in

conditions similar to those that would be experienced in a commercial system. Our results

provided some encouraging progress, identi�ed important considerations and points of failure,

and found a short-term containment solution that allowed usto build and test a prototype

system. However, development of a long-term solution for reliable containment of Al-Si is

still on-going, and further work is necessary for future success of this technology.
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6.1 Introduction

In developing PCMs for CSP, there are two primary material classes that are gener-

ally considered: salts and metals. Salt PCMs have received the most attention, due to

their low material cost, which gives them a potential for lowthermal storage system cost.

As one example, the \Concentrating Solar Power Generation 3 Demonstration Roadmap"

exclusively considers chloride salts as leading candidatePCMs [22]. However, salt PCMs typ-

ically have thermal conductivity below 1 W/mK, which means that they require advanced

heat exchanger designs to achieve su�cient exergetic e�ciency for successful overall system

performance [97]. Further, salt PCMs often have large volume change when they change

phase between solid and liquid (� 25% for some chloride and 
uoride salts [39]), which can

cause signi�cant mechanical stresses during melting or void formation and reduced thermal

performance during solidi�cation. Finally, salts also posedi�culty because they can be quite

corrosive to containment materials [68].

As an alternative class of materials, metals may also be considered for use as PCMs

in CSP. In comparison to salts, metals generally have similar gravimetric energy density,

higher volumetric energy density, higher material cost, and higher thermal conductivity. The

appeal of these properties (primarily high thermal conductivity) has led many researchers to

identify metal PCMs as an attractive option for latent heat storage [28, 44, 124, 136, 137].

My own analysis in Chapter 2 found the same result, though also importantly found that the

trade-o�s between the two material classes depend on many assumptions about the entire

CSP system. In addition, one outstanding issue with metals as PCMs is corrosivity. For

the speci�c application of thermal energy storage, many metals do not have established

containment systems that can reliably last for the durationthat a power plant would need

to operate.

From the above discussion, it is clear that both salt and metal PCMs pose risks for

development. In this thesis, I selected Al-Si as a PCM based ontechno-economic analysis, but

with the knowledge this was a high-risk, high-reward decision. The high thermal conductivity
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of Al-Si created a very strong potential for a simple overall system design with high exergetic

e�ciency, but also required that we identify a reliable method of containment. As a �rst

step in investigating potential solutions, we reviewed previous e�orts towards containment of

Al-Si. While I do not provide a comprehensive review here, the following discussion provides

context for our subsequent experimental e�orts.

Generally, most other metals will naturally form alloys with aluminum, due to the fact

that when these metals are exposed to aluminum, it is energetically favorable for the two to

mix rather than remain separate. This includes the standardcontainment material used for

CSP thermal storage, steel, which will dissolve into aluminum alloys quite rapidly. Thus,

traditional heat exchanger and storage tank designs made from metal materials are not

a feasible option for use with Al-Si. Alternatively, most ceramic materials are inert in

molten aluminum [66, 138, 142]. This is why in most applications that require processing of

aluminum, large ceramic vessels are used for containment. These vessels are typically heated

from the exterior by gas-�red burners, and the molten aluminum inside can be poured into

molds to solidify before being further processed. The gas-�red burners provide su�cient

thermal energy to melt the aluminum, but this design leads tolarge temperature gradients

which degrades thermal e�ciency (a minor concern in most applications because energy

is just one component of overall system cost). Further, thisapplication does not require

e�cient heat removal from the aluminum, so internal heat transfer surfaces are not required.

Contrary to the traditional aluminum processing industry,in our solar power tower con-

cept, thermal e�ciency during both heat input and extraction have a very strong in
uence

on overall system performance and cost. Therefore, the samemethods used in previous

industry applications would not be e�ective for our system. Even with the high thermal

conductivity of Al-Si, we must use a heat exchanger design with signi�cant surface area in

contact with the PCM to minimize temperature gradients during charging and discharging.

During charging, our aim is to minimize receiver temperature and resulting radiative and

convective losses; during discharging, our goal is to maximize the temperature and resulting
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e�ciency of the power block. However, the challenge is that this must also be done with

containment and heat exchanger materials that are thermodynamically inert with Al-Si and

can withstand signi�cant thermo-mechanical stresses.

Previous research has shown that Al-Si can be contained by methods of micro- or macro-

encapsulation [49, 140]. In micro-encapsulation, small particles (36 micron diameter) can be

treated by a boehmite treatment (boiling in water followed by drying) to form an AlOOH

shell, then subjected to a heat-oxidation treatment (930� C for 6 hours in an oxygen-rich

environment) to form an alumina coating on the outside of theparticle. Notably, in this

process, cracks that form from expansion of Al-Si can be self-healed by exposure to the

oxygen atmosphere. The resulting small coated particles could be used in a packed-bed

heat exchanger design, or potentially even with heat pipe working 
uids. In the second

method, macro-encapsulation, Al-Si can be simply placed inside an alumina crucible, and

a seal between the crucible and a lid can be made by using an Al �lm and heating in an

environment with oxygen. Similar to micro-encapsulation,the resulting containers of Al-Si

could be used with packed-bed or potentially heat pipe heat exchanger designs.

While the above processes could result in reliable containment systems, they each use

a signi�cant amount of ceramic material, which decreases the energy density of Al-Si as

a PCM, and require further development of potentially complex heat exchngers. As our

goal was avoid these limitations and achieve the highest possible thermal performance for

our design, we hoped to identify a containment system that used thin-walled, high thermal

conductivity heat exchanger components. One way to accomplish this would be to use metal

containment materials with thin ceramic coatings as a corrosion barrier. Such a system had

not been previously developed for thermal energy storage with Al-Si as a PCM, and so we

put signi�cant e�ort towards experimentally evaluating potential containment materials and

ceramic coating methods. In the rest of this chapter, I summarize this e�ort, though I also

note that this is still a work in progress.
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6.2 Experimental results

Here I describe a series of experiments that we performed to evaluate potential materials

and coatings for containment of Al-Si. These experiments followed a progression from ini-

tial screening tests (short duration, simple geometry) to more rigorous experiments (longer

duration, with phase change cycling, on more complex geometries). In chronological or-

der, the samples that we tested included monolithic materials, paintable ceramic coatings,

plasma-sprayed ceramic coatings, a chromium nitride coating deposited by physical vapor

deposition, and an atomic layer-deposited alumina coating.

6.2.1 Monolithic material screening

To validate compatibility of potential containment materials in aluminum, we ran initial

tests in which we placed a variety of samples into baths of molten aluminum alloys and

qualitatively observed whether or not corrosion occured ona pass/fail basis. Our samples

included both metals (steel, nickel, and titanium alloys) and ceramics (alumina, zirconia,

silicon carbide) in baths of multiple aluminum alloys (purealuminum, aluminum-silicon,

aluminum-nickel, aluminum-titanium). Most of the sampleswere in the form of cylindrical

rods, 15 cm in length and 1 cm in diameter, though some of the ceramic samples had a

rectangular cross-section. In our tests, we put each sampleinto a separate molten aluminum

bath at a temperature of near 700� C for � 100 hours in a nitrogen atmosphere.

The results of these tests generally con�rmed previous literature. We found that all

metal alloys corroded severely, with most samples dissolving almost completely into the

aluminum bath in this relatively short duration. However, all ceramic samples demonstrated

thermodynamic stability, with no noticeable signs of corrosion or other sample degradation.

This encouraged us to perform further experiments on a variety of di�erent coating methods

for applying these ceramic materials to steel surfaces.
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6.2.2 Paintable coatings

Solution processes can be a very inexpensive method for depositing materials onto sur-

faces at a large scale. In a variety of ways, a solution that contains the material to be

deposited can be applied to a surface then dried, leaving behind the desired material as a

coating. One method of applying these coatings is to make a paint solution with the ceramic

coating, and apply the paint with a non-marking brush to makea relatively even surface.

We tested this method with several paintable ceramic coatings including silicon carbide,

boron nitride, yttria, alumina, and zirconia. We mixed these coatings with manufacturer-

prescribed ratios of water, applied them to both stainless steel and ceramic samples, and

allowed them to cure in air for 2 hours at room temperature followed by 9 hours each at 93

and 427� C. Unfortunately, we found that the coatings did not adhere well either to stainless

steel or to ceramic surfaces. Therefore, we did not pursue further testing for compatibility

with aluminum alloys. In the future, paintable or other solution processed coatings may

still be a e�ective method for depositing ceramic coatings,but in our work we were not

able to identify any e�ective commercially available coatings, and thereafter turned to other

potential coating methods.

6.2.3 Plasma-sprayed ceramic coatings

The next method that we investigated for applying ceramic coatings to steel surfaces was

plasma spraying. In this process, the part to be coated was rotated while a robotic spray gun

moved vertically along the length of the part and deposits the coating. The spray gun made

many passes, depositing several layers of coating, so that any porosity in the coating (5-20%)

was staggered and there was no direct pathway from one side ofthe coating to the other.

Though the temperature of the plasma was quite high (16,000� C), once it reached the surface

of the part, it rapidly solidi�ed and the part remained at a modest temperature of< 250� C.

For the coatings that we tested, the �nal coating thickness was about 0.3 mm. In addition,

all coatings were preceded by deposition of a� 0.6 mm thick nickel-chromium-aluminum
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bond coat (Metco 443) by the same plasma-spray process.

6.2.3.1 Steady-state experiments

As a �rst test of plasma-sprayed coatings, we investigated thermodynamic stability during

steady-state exposure to molten aluminum. We applied alumina (Metco 105), magnesia-

stabilized zirconia (Metco 210 and 210NS-1), and yttria-stabilized zirconia (Metco 204F)

coatings to stainless steel rod samples that were 15 cm long with a diameter of 1 cm. Similar

to our process for monolithic material testing, we immersedthese samples in molten Al-Si

at 700� C, with a nitrogen atmosphere, for durations of� 1,000 hours. When we pulled the

samples out of the Al-Si baths, we found positive results for all samples. While we observed

some wetting of the Al-Si to the outside of the rods, we found nosigns of corrosion or failure

of the coatings. This veri�ed our previous tests on monolithic samples that the ceramic

coating materials are thermodynamically stable with Al-Si.In addition, this proved that the

plasma-sprayed coatings could be applied to stainless steel surfaces with good adhesion and

su�cient uniformity to prevent the Al-Si from reaching the st ainless steel surface.

6.2.3.2 Cycling experiments

In our next step of testing plasma-sprayed coatings, we evaluated mechanical stability

upon exposure to phase change cycles of Al-Si. Though we had demonstrated success under

steady state operation, there was still signi�cant risk of coating failure due to two sources of

mechanical stress. The �rst of these is the mechanical stress imposed by the phase change

of the PCM, which results in a volume change of� 5% [36]. When the phase changes from

solid to liquid during charging, the PCM would naturally expand into available space, but

depending on the geometry of the system, some regions of PCM may not have space to

expand into. This leads to compressive forces on coating surfaces. Then, when the phase

changes from liquid to solid during discharging, the PCM naturally contracts around heat

pipe and container wall surfaces, leading to formation of voids and tensile stresses on coating

surfaces. In addition to these stresses from phase change ofthe storage material, a second
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source of mechanical stress is due to temperature changes and mismatch of thermal expansion

coe�cients between the coating material and the steel container and heat exchanger. During

thermal cycles, the temperatures of the thermal storage tank, heat exchanger, and coating

vary, but because they have di�erent thermal expansion coe�cients, they will each expand or

contract di�erent amounts, leading to corresponding stresses on each material. For example,

steel may have a thermal expansion coe�cient of 12 m/mK, while alumina may have a

thermal expansion coe�cient of 8 m/mK. Then if temperature varies from the original design

point, the steel container will expand 50% more than an alumina coating, causing tensile

stresses on the alumina coating which could crack rather than remaining in contact with the

steel.

For our �rst mechanical stability tests, we used identical samples as in our initial steady-

state tests. We applied the same alumina, magnesia-stabilized zirconia, and yttria-stabilized

zirconia coatings to stainless steel rod samples that were 15 cm long with a diameter of 1 cm.

We then immersed these samples into molten Al-Si, with a nitrogen environment, and cycled

the Al-Si between solid and liquid phases (between 525-625� C) 50 times over� 1,000 hours.

From these tests, we found that samples coated with alumina exhibited signi�cant cracking,

with the outer layers of the coating falling o� the steel rod. In this case, Al-Si was able to

penetrate through the coating, and began to corrode the steel underneath. However, both

the yttria-stabilized zirconia and magnesia-stabilized zirconia coatings showed no evidence

of failure, and appeared to withstand the experimental cycling conditions. This positive

result was likely due to higher mechanical strength of thesecoatings, and encouraged us to

pursue further testing. However, this was a limited sample size, and it is true that optimized

plasma-sprayed alumina coatings may have produced a di�erent result.

6.2.3.3 Larger scale experiments

Having identi�ed yttria-stabilized zirconia and magnesia-stabilized zirconia as leading

candidate coating materials, we then progressed to tests onphysical components more similar

in size and shape to those of a commercial system. For these experiments, our samples
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included larger buckets with diameters and heights of 20 cm,and a 20 cm long pipe with a

2.5 cm diameter that expanded to 15 cm at the end, mimicking the dumbbell shape of our

heat pipe design. To these components, we applied the same magnesia-stabilized zirconia

and yttria-stabilized zirconia coatings as in previous testing. We �lled the buckets with solid

pieces of Al-Si, and in the case of yttria-stabilized zirconia, placed the heat pipe inside of

the bucket. We then heated the aluminum until it melted, and cycled the Al-Si through 50

solid/liquid phase changes over the course of� 20 days, with temperatures ranging slightly

above and below the Al-Si melting temperature of 577� C (between 525-625� C).

The results of our larger scale tests on buckets and a heat pipe are shown in Figure 6.1.

In the bottom right corner of Figure 6.1(a), and in Figure 6.1(b)-(c), we see that the yttria-

stabilized zirconia coatings failed most severely. In boththe bucket and heat pipe, we

observed formation of layered cones at many di�erent locations. Due to the geometry of the

cones, it appears that growth starts from a single point, then expands with one additional

ring layer for each phase change cycle. This failure at a single point may be caused by a

defect from the coating process, or due to thermo-mechanical stresses, though the absolute

cause of failure is still unknown. However, as will be discussed in Section 6.2.3.4, it is clear

that once the Al-Si penetrates through the coating to the steel surface, the steel dissolves

into the Al-Si, and this new alloy pushes up the coating from below. Given enough time

with the Al-Si in the molten state, this would lead to enough dissolution of the steel wall

into the Al-Si that the tank would completely fail and allow the PCM to pour out of the

tank, or the heat pipe would fail and the PCM would �ll the heat pipe causing it to become

non-functional.

Moving to results of the �rst magnesia-stabilized zirconiacoating that we tested, two

buckets that were coated with this coating (Metco 210) are shown in Figure 6.1(a). The

di�erence between these two buckets was that they were made by di�erent manufacturers.

In the �rst bucket (top right in Figure 6.1(a)), we observed de-lamination of the coating from

the side wall, near the bottom, where the bucket bowed outward due to the manufacturing
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Figure 6.1: Larger scale plasma spray coating experimental results. (a) Clockwise from
top left, we tested two buckets with a magnesia-stabilized zirconia coating (Metco 210), a
bucket of yttria-stabilized zirconia (Metco 204F), and a denser magnesia-stabilized zirconia
coating (Metco 210NS-1). We observed mixed results with these buckets and with a heat
pipe that was coated with the yttria-stabilized zirconia, shown in panels (b) and (c). In
negative test results, layered cones grew from failure points, with one layer per phase change
cycle. However, the denser magnesia-stabilized zirconia coating (Metco 210NS-1) appeared
to successfully contain Al-Si with no failure.
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process before coating. This de-lamination allowed the Al-Si PCM to come into contact

with the steel wall, which rapidly dissolved into the PCM andcreated a hole in the side

of the bucket where the liquid PCM eventually leaked out. After this result, we tested a

second bucket (top left in Figure 6.1(a)) that was made with more uniformly straight side

walls. Unfortunately, this bucket also experienced coatingfailure, with formation of layered

cones (similar to those that formed on the bucket and heat pipe that were coated with

yttria-stabilized zirconia). In this case, we found layered cones at several locations, all on

the bottom surface of the bucket. This may have been due to higher thermo-mechanical

stresses in these locations, which could have caused cracksthat allowed Al-Si to reach the

steel surface and initiate corrosion. However, the apparently random locations of the layered

cones also support the hypothesis that the failure may have been due to defects in the coating

process. The true cause of the failure is still under investigation, and further optimization

of the coating process may have produced di�erent results.

In our �nal large-scale test of plasma-sprayed ceramic coatings, we applied a high density

magnesia-stabilized zirconia coating, Metco 210NS-1 (� 10% higher density than the �rst

magnesia-stabilized zirconia coating), to the bucket shownin the bottom left of Figure 6.1(a).

In contrast with the previous negative results, this coating showed no change in morphology

or failure at any location after exposure to phase change cycles of Al-Si. While we do not

have a de�nitive explanation for why this coating succeededunder the same conditions as

the previous failures, two hypotheses still remain. The �rst is that the the low porosity

(5-8% compared to 8-20% for the yttria-stabilized zirconiacoating) and high density of this

particular coating may have helped reduce the number of coating defects, preventing Al-Si

from reaching the steel at any location. A second possibility is that the tank that we tested

with this coating was manufactured to higher tolerance, leading to fewer non-uniformities

which would have either improved the coating process or reduced thermo-mechanical stresses.

Regardless, this coating appeared to e�ectively act as a barrier between the Al-Si and the

steel, and we then used it for our full prototype demonstrations (Chapters 4 and 5).
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6.2.3.4 Prototype experiments

In our prototype demonstrations, we coated both the interior of a stainless steel thermal

storage tank (0.4 m in diameter and height) and three heat pipes (2.5 cm diameter in a 0.3

m long straight tube region and a 5 cm tall, 15 cm diameter cone) with the high density

magnesia-stabilized zirconia coating (Metco 210NS-1). In each experiment, we melted and

froze the Al-Si � 10 times, and held the Al-Si at operating temperature for a total of � 30

days. During the experiments, we did not notice any degradation in performance or failure

from the perspective of the outside of the tank. However, after each experiment, we cut a

cross section of the tank and heat pipes to analyze the results from the interior perspective.

From the cross section of the �rst prototype tank, we found a negative result that in some

locations the coating had failed and the tank wall had begun to dissolve into the Al-Si PCM.

There was no immediate consequence to this failure, but enough dissolution occured that

some locations at the bottom of the tank had reduced in thickness from 2.4 mm to 0.4 mm.

If we had continued the experiment for a few more cycles, we likely would have observed a

complete failure, allowing the Al-Si to leak out of the tank.

To analyze the failure of the coating in our prototype experiments in more detail, Fig-

ure 6.2 shows a cross-section of one of the heat pipes from the�rst prototype, with the heat

pipe still embedded inside the solid Al-Si PCM. In Figure 6.2(a) we can see that the coating

failed in multiple locations on the exterior of the hat pipe.Taking a closer look at one of

these failed locations in Figure 6.2(b), we �nd that the coating has been separated from the

steel surface, with the PCM between the coating and the steelof the heat pipe. Analysis of

this region with energy dispersive spectroscopy is given inFigure 6.2(c)-(i). Here, the ele-

ments of the coating (zirconium, magnesium, and oxygen) appear to remain in contact with

the steel surface until we reach an area where failure has occurred. In this failure region, the

PCM elements (Al and Si) have penetrated underneath the coating, and have reacted with

the steel. Both iron (Fe) and chromium (Cr) have dissolved into the Al-Si, though it appears

that more chromium is present in the corrosion zone, indicating that its rate of dissolution
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Figure 6.2: Prototype coating results. Panel (a) shows a cross-section of one of the heat pipes
embedded in PCM after our �rst prototype experiment. In several locations, including the
one shown in panel (b), we observe failure with Al-Si penetrating under the coating, reacting
with the steel surface, and pushing the coating away from thesteel. Energy-dispersive
spectroscopy of this location in panels (c)-(i) reveals thelocations where each element is
present. The coating (zirconium (Zr), magnesium (Mg), and oxygen (O)) remains in contact
with the steel heat pipe until we reach an area where the PCM elements (Al and Si) have
come between the coating and the steel. Both primary elements of the steel, iron (Fe) and
chromium (Cr), have dissolved into the Al-Si.
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into the PCM was higher than that of iron.

The coating failure that we observed in our prototype experiment occurred with the

same coating (a high density magnesia-stabilized zirconia, Metco 210NS-1) and under similar

conditions as our �nal bucket test that showed no signs of failure. We have not de�nitively

determined the cause of this di�erence, but there are several potential explanations. One is

that, for the prototype, the coating process led to defects that existed before our experiment

started. The geometry was slightly di�erent for the prototype compared to the previously

tested bucket, and because the process has not been optimized, the coating may have had

defects that led to the failure that occurred. Another possible reason for failure of the

prototype coating compared to previous success is a di�erence in thermo-mechanical stresses

on the coating. In the previous successful bucket cycling test, heat was input from the sides

and top of the bucket, whereas in the prototype, heat was input from the bottom of the

tank. This, in combination with di�erences in geometry, could have led to di�erences in

mechanical stress on the coating both due to temperature changes and phase changes of the

Al-Si PCM. Stress concentration could have caused the coating to crack, allowing the Al-Si

to penetrate through the coating to steel surfaces. It is notevident, from the tests that

we have done thus far, which of these (or other) theories is the correct explanation of the

coating failure, and more work is still required to determine if the failure mechanism can

be overcome in the future by modi�cation of the coating process or changes to the system

design.

6.2.4 Chromium nitride coatings

In another set of experiments, we tested chromium nitride coatings applied to steel sur-

faces by a plasma-enhanced physical vapor deposition process. In this coating process, parts

are placed into a vacuum chamber with a small amount of gas that is either inert or reactive.

A positive electric charge is supplied to the coating material, while the part to be coated

is controlled to a negative electric charge. Ions of the coating material then 
ow to the

part, and deposit on the surface. This process is similar to that previously discussed for the
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plasma-sprayed oxide coatings, but rather than using a spray gun for deposition, the process

involves �xtures and fewer moving parts. In addition, the chromium nitride coatings that we

considered were signi�cantly thinner (2.5 microns) than the plasma-sprayed oxide coatings

(300 microns).

We were attracted to this process and chromium nitride coatings because of their proven

success in aluminum die casting applications. In die casting, molten aluminum is injected

into a steel die at high pressure, then allowed to cool and solidify before being removed. In

this industry, one issue is \soldering" of the aluminum to the steel die, meaning that the

aluminum casting may alloy with and remain stuck to the die. Asa solution, the interior

of the mold may be coated with a barrier that prevents corrosion and allows the casting to

be removed so that the mold may be re-used. The speci�c coating that we used has been

demonstrated to be able to sustain 16,000 cycles of this process [143].

6.2.4.1 Experimental design

To prepare samples for this experiment, I began with straight rods of four di�erent steel

materials (alloys 304, 316, 1060, and 440C), and rounded andpolished the ends of the rods

by hand using bu�ng wheels and polishing compound (� 1 micron grit size). I selected a

variety of di�erent steel samples so that I could investigate whether the steel chemistry and

properties would have an impact on the e�ectiveness of the coating. I then had the samples

coated with a 2.5 micron thick chromium nitride coating (FortiPhy by Phygen Coatings).

I placed each sample rod (and one control 304 stainless steelsample that was polished but

not coated) into an alumina crucible, and �lled each crucible with 4047 aluminum-silicon. I

used a separate crucible for each rod so that if one of the rodsfailed, it would not a�ect the

PCM composition that the other rods were exposed to. To measure the temperature of the

PCM, I placed a thermocouple inside an alumina tube in the crucible with the uncoated 304

steel sample. I then exposed the samples to 20 melt/freeze cycles in a nitrogen atmosphere-

controlled furnace. Each cycle took slightly more than 2 hours, in which I heated and cooled

the PCM between 550-640� C - slightly above and below the melting temperature of 577� C.
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After this cycling, I turned the experimental set-up upside-down, and re-heated the PCM

until it melted out into a catch pan, so that I could remove thesamples from the PCM for

post-experimental analysis.

6.2.4.2 Results

Figure 6.3 shows initial results from visual inspection of the rods, as well as images

of the rod surfaces from scanning electron microscopy, before and after our experiment on

the chromium nitride coating. Qualitatively, we observed the formation of a green-blue

oxy-nitride �lm (determined by energy dispersive spectroscopy) on the outside of all rods,

as seen in the photographs in Figure 6.3(b) and Figure 6.3(d). Weattribute this to the

presence of oxygen in the furnace during the experiment (we have seen evidence of oxygen in

previous experiments that have used this furnace). More signi�cantly, we observed signi�cant

corrosion in the case of the un-coated 304 stainless steel rod (Figure 6.3(a)-(b)), but no change

to the surface of the coated 304 stainless steel rod (Figure 6.3(c)-(d)). In many locations of

the un-coated sample rod, we observed the formation of layered cones, where the number

of layers matches the number of Al-Si phase change cycles (as seen in previous testing of

plasma-sprayed oxide coatings). However, no such cones or other corrosion occurred on the

coated sample rod. This provides evidence that the coating is both thermo-dynamically

stable in the presence of Al-Si and mechanically robust, as the coating was able to withstand

exposure to 20 phase change cycles with no e�ect.

This test provided an encouraging result, and demonstratedthat chromium nitride coat-

ings have some potential for future application in containment of Al-Si. However, in addition

to this positive result on the coated 304 stainless steel rodsample, we did also observe failure

at the rounded corner of two of the rods that we tested (316 and1060 steel). This failure

occurred at a single location for each of the rods, and could have been due to imperfections

in the polishing or coating processes, or due to stress concentration at the rounded corner

that could have cause the coating to fracture. The exact cause of the failure is uncertain, but

it is clear that additional testing, including experimentson larger scale components, is still
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necessary before the coating can be fully developed for the application of Al-Si containment.

Figure 6.3: SEM images of chromium nitride coating on the un-coated sample (a) before
and (b) after the experiment, and on the coated 304 steel sample (c) before and (d) after the
experiment. The coating provided corrosion resistance at all locations on this rod. However
failure of other rod samples shows that further testing is necessary to develop this coating
for the application of Al-Si containment.

6.2.5 Atomic layer deposition coatings

Another potential method for creating conformal coatings ofceramic materials is atomic

layer deposition (ALD). In this method, a sample is placed inside of a chamber, and a series

of reacting gases are passed through the chamber. The gas reacts with the surface of the

sample, forming a coating layer that is exactly 1 atom thick.Then a di�erent gas is passed

through the chamber, reacting with the �rst coating layer to produce a second layer of
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coating that is one atom thick. The procedure repeats until the desired coating thickness is

reached.

ALD is attractive because it can be applied to very large partswith complex geometries,

but still produce a conformal, defect-free coating. This gives it potential for low-cost, scalable

coatings. Thus, we performed an initial test of an ALD alumina coating on stainless steel

rods to investigate whether or not the coating could withstand exposure to melt/freeze cycles

in an Al-Si PCM.

6.2.5.1 Experimental design

We tested four sample rods coated with an alumina coating by atomic layer deposition.

For these samples, we used 15 cm long, 1 cm diameter tubes madeof 316 stainless steel with

closed, rounded ends (Omega SS-38-6CLOSED). We electro-polished two of these tubes for

3 minutes, and left the other two rods un-polished. We then placed all four rods into an

apparatus that held the open end of the rod but left the rest ofthe rod exposed inside an

ALD chamber. We performed 500 gas 
ow cycles at 200� C, which deposited a 77 nm thick

alumina coating (measured by ellipsometry).

My method of testing these samples was nearly identical to mymethod previously de-

scribed for evaluating the chromium nitride coatings. I placed each sample rod (and one con-

trol sample that was not coated) into an alumina crucible, and �lled each crucible with Al-Si.

I then exposed the samples to 20 melt/freeze cycles in a nitrogen atmosphere-controlled fur-

nace. Each cycle took� 3 hours, in which I heated and cooled the PCM between 545-610� C

- slightly above and below the melting temperature of 577� C. After this cycling, I turned the

crucibles upside-down, and re-heated the PCM until it melted out into a catch pan, so that

I could retrieve the samples for post-experimental analysis.

6.2.5.2 Results

Figure 6.4 presents results from our cycling experiments on the ALD-coated rods. From

left to right in Figure 6.4(a), we show a photograph of (i) an as-received rod, (ii) the control
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test of an un-coated rod exposed to melt/freeze cycles in Al-Si, (iii) a coated rod exposed to

the same conditions, and (iv) a coated rod that was also exposed to the same conditions, but

then placed in a bath of 3 molar hydrochloric acid to remove all residual aluminum from the

surface. We see a signi�cant amount of aluminum stuck to the exposed rods, but this has

been removed from the sample that was placed in the hydrochloric acid bath. Unfortunately,

we observe no di�erence in the results from the un-coated to the coated rod samples. The

atomic-layer-deposited alumina coating does not appear tohave provided any barrier to

corrosion.

While this experiment provided a negative result, it is interesting that as in previous ex-

periments, we observe formation of layered cones on both theun-coated and coated samples.

In Figure 6.4(b), we provide scanning electron microscope (SEM) images of these layered

cones, and see that there are approximately 20 layers - one layer for each melt/freeze cycle

of the experiment. As a di�erent view of this result, in Figure 6.4(c) we show an SEM image

of the coated sample that, after the experiment, was placed in a bath of hydrochloric acid

to remove all residual aluminum. As the hydrochoric acid reacted with the aluminum, it

penetrated underneath the cones and removed material from beneath the surfae of the steel

rod. This clearly demonstrates that the steel rod had begun to dissolve into the Al-Si, which

con�rms our previous work discussed above. Finally, I also note that this test was done on

a single sample, with one attempt at the ALD coating process. It is still possible that with

improved sample preparation and an optimized coating process, this coating and method

could still result in a reliable solution for Al-Si containment in the future.

6.3 Discussion

In this chapter, I have summarized several experimental e�orts to �nd a reliable contain-

ment system for Al-Si. Initial testing of monolithic materials con�rmed that several di�erent

ceramics were compatible with Al-Si. With this result, we theninvestigated several di�er-

ent methods for applying ceramic coatings to steel surfaces, which had potential for both

high reliability and high thermal performance. In testing plasma-sprayed oxide coatings, we
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Figure 6.4: ALD coating test results. The coating did not appear to have provided any
corrosion resistance, as we observe similar results on the control uncoated sample to the
coated sample in panel (a). In panel (b), we observe formation of layered cones, with
approximately one layer per thermal cycle. After immersion in an hydrochloric acid (HCl)
bath to remove aluminum that remained on the outside of the rod, in panel (c) we see
dimples that indicate that the steel rod is dissolving into the PCM. Note: the boxes in panel
(a) are approximate locations of panels (b) and (c), but are not to scale.
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performed steady-state and cycling experiments on rod samples, and larger scale tests on

buckets, a heat pipe, and our prototype system. From these experiments, we found mixed

results, with success in some tests but also many failures that may have been due to coating

defects or thermo-mechanical stresses. Next, we tested chromium nitride coatings deposited

by physical vapor deposition, which mostly showed successful prevention of corrosion, but

also failed in some locations. Finally, we tested an alumina coating deposited by atomic

layer deposition, but this coating did not appear to provideany corrosion resistance.

Throughout our experimental campaign, we did not demonstrate a coating that could

reliably contain Al-Si for a long duration, and thus future work is still required for devel-

opment of this technology. However, multiple methods that weinvestigated (plasma-spray

coatings, chromium nitride coatings) showed some successful results, and other methods (so-

lution processing, atomic layer deposition, and others) could still be further developed and

optimized to provide a solution to Al-Si containment. This future work could identify the

operating parameters necessary to deposit reliable coatings, or could inform system design

changes that could reduce thermo-mechanical stresses. If successful, a low-cost, high thermal

performance containment system would enable our solar power tower concept to be further

developed with scale-up to a pilot plant and beyond.
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CHAPTER 7

SUMMARY AND BROADER IMPACTS

Energy storage could allow deep de-carbonization of the electricity sector, by enabling

growth of clean electricity from variable generators such as photovoltaics and wind power.

Among energy storage technology options, thermal energy storage is particularly attractive

due to its low incremental storage cost. Further, TES can be combined with concentrating

solar power as a low-emission and e�cient source of heat input. To leverage these advan-

tages, TES for CSP is currently being investigated by universities and in industry, with

several competing system designs and fundamental methods of storage. Latent heat storage,

which stores energy in the phase change of a material, has signi�cant potential because of its

high energy density. This high energy density means that only a small volume of material

must be used to store a large amount of energy, leading to compact storage systems with

low overall cost potential. However, development of materials and successful system designs

for latent heat storage is challenging, and requires signi�cant progress before it can be de-

ployed commercially. With this motivation, my thesis has focused on advancing material

development and successfully integrating PCMs into thermal storage systems for CSP.

In the �rst paper of this thesis, I presented a new method to evaluate the impact of

material selection on the performance and cost of concentrating solar power. My holistic

system model took all critical PCM properties as inputs, andestimated the resulting LCOE

for a system using this PCM. My modeling method used a very general treatment of other

system components (�eld, tower, receiver, heat exchangers, power block) so that it was

widely applicable to a wide range of potential CSP system designs. The results of this

model quanti�ed the value of each PCM property, and providedother insights that will

be useful to the entire �eld of latent heat storage for CSP. I identi�ed several promising

candidate materials that should be considered for further development, and discussed the
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explicit impacts that these materials have on the rest of thesystem. Other researchers will

also be able to apply my model to their speci�c designs, and evaluate di�erent materials to

identify the best option for their design.

In the second major contribution of this thesis, I worked with several collaborators to

develop a new concept of a solar power tower that could leverage the advantages of Al-

Si as a PCM. Our proposed system was distinct from previous work for several reasons.

We designed the entire system to be held on top of a tower, to minimize the length of

pathways for heat 
ow, thereby minimizing heat losses and also cost. We invented a new

valved thermosyphon design, making the system dispatchable but while still maintaining

simplicity and low operation and maintenance requirements. Our design was also unique

in our method of solar concentration and system size. Previous work has either attempted

to integrate thermal energy storage with a dish concentrator, or has considered designs for

large scale CSP. Our system was much smaller (� 100 kWe rather than � 100 MWe, but still

used a heliostat �eld to concentrate sunlight. This allowedus to reach high optical e�ciency

(70% instead of 50% on an annual basis), but also allowed us touse a simple tower support

rather than a moving mechanical arm.

To evaluate this novel concept, I built an integrated performance and cost model with

original calculations in MATLAB. My performance model characterized several important

aspects of the design, with predictions of small temperature gradients (high exergetic e�-

ciency) in the PCM and valved thermosyphon. My model also provided optimization of heat

pipe spacing and insulation thickness. By considering transient responses of the system, my

model also con�rmed that our design could be e�ectively usedas a peaking plant, with rapid

response to desired changes in power output. I also used SolarPILOT to model performance

of the heliostat �eld, and SAM to simulate performance over the entire lifetime of the plant.

Finally, my techno-economic analysis evaluated the potential LCOE of the system. The

results showed that, if commercialized, the system has the potential to be cost-competitive

with both conventional (natural gas) and renewable (PV withbatteries) technologies for
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dispatchable electricity generation, but at a 
exible small size.

With encouraging results from model predictions and subsystem demonstrations, the

next step in my thesis was to demonstrate a fully integrated prototype. For our �rst proto-

type, we built the key components of the system that would be held on top of a tower. Our

thermal storage system included 100 kg of Al-Si to store 13 kWh of thermal energy, making

it one of the larger lab demonstrations that has combined latent heat storage with elec-

tricity generation. Our experimental results showed that our subsystems (thermal storage

tank, valved thermosyphon, and heat engine) could be e�ectively integrated together, and

demonstrated successful thermal control and uniform temperatures in the thermal storage

system. However, the primary limitation of this �rst prototy pe was the low performance of

the thermoelectric generators we used as a heat engine.

For our second prototype, I led e�orts to improve design and experimental methods, with

a goal of signi�cantly increasing system e�ciency. Due to technology readiness level, we

shifted away from thermoelectric generators and instead used a Stirling engine for electricity

generation. We also changed our heater design, increasing the rate of heat input, and

improved our selection of insulation to reduce thermal losses. The resulting improvement

from our changes was signi�cant: we increased power output by two orders of magnitude

up to 1 kWe, and increased thermal e�ciency by more than 5� . We successfully converted

18.5% of stored latent heat to electricity, and demonstrated 8.6% e�ciency on a daily basis.

These e�ciencies were higher than any other previously demonstrated systems that combined

latent heat storage with electricity generation, and provided sign�ciant progress towards our

prediction that we could reach near 30% conversion e�ciencyand 18% annual e�ciency in

a commercial system.

To build upon this thesis with future work, a key breakthrough is still required in reliable

containment of Al-Si. My experimental e�orts investigated several potential solutions for this

challenge, and helped identify potential issues and areas for improvement. In initial tests,

we showed that standard metal construction materials wouldrapidly corrode with Al-Si. We
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showed that multiple ceramic materials have thermodynamicstability with exposure to Al-Si.

We also tested multiple types of coatings, including plasma-sprayed oxides, physical-vapor-

deposited chromium nitride, and atomic-layer-deposited alumina. Some coatings appeared

to be successful, but we also identi�ed through cycling tests that mechanical strength of the

coated material is an important consideration. Broadly, our e�orts provided mixed results,

and our system still lacks demonstration that it could reliably operate for 25 years. Several

di�erent methods have been proposed by other researchers, and could be leveraged for future

success. The possibility of �nding a solution is certainly feasible, but these ideas still need

to be evaluated for our speci�c concept, with experimental proof of reliability.

The lasting e�ects of this thesis will be in thermal and cost modeling methods, insights

regarding PCMs and their impacts on CSP systems, and experimental demonstration of a

new solar power tower concept. My published papers will helpinform others about how

to select materials and design latent heat storage systems,and provide tools for others to

e�ectively evaluate alternative TES concepts. My performance and cost analysis of our novel

solar power tower design will provide motivation for futurecommercial development, with

much lower risk due to successful experimental demonstrations. My work will also inspire

development of similar systems that learn from and build upon my progress. Broadly, I hope

that the work I have done for this thesis provides a contribution to global e�orts to provide

clean, reliable electricity and reduce the e�ects of climate change.
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