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ABSTRACT

Due to the rising threat of climate change, there has been gysi cant e ort to expand
clean electricity generation from renewable resources 4rparily solar photovoltaics and wind
power. However, these resources provide variable generattbat depends on when the sun
shines and when the wind blows. To be e ectively integratechio electric grids, this vari-
able generation then needs complementary technologiestleauld enable continued growth.
One potential enabling technology, concentrating solar peer, is particularly attractive due
to its ability to incorporate inexpensive thermal energy sirage. Many di erent speci ¢ em-
bodiments of concentrating solar power are still being cadgred, though signi cant recent
attention has been given to systems using latent heat storagThese systems store thermal
energy in the phase change of a material, which is an isotheahprocess that can reach high
energy density and potentially low storage cost. To implenné these theoretical advantages
in practice, several aspects of latent heat storage for camtrating solar power are still being
developed. Much of the focus has been on phase change matetevelopment, including
integration of these materials into e ective thermal storge subsystems and overall system
designs. As a part of this growing eld, in this thesis | have mvided contributions in design,
modeling, and experimental demonstration of latent heat stage systems with the end goal
of widespread deployment of concentrating solar power taablogy.

In one broadly applicable contribution to this eld, | devebped a holistic system model to
evaluate potential phase change materials based on the innee of their material properties
on the overall levelized cost of a electricity of a concenting solar power plant. Next, |
focused on development of a new concentrating solar powemncept in which latent heat
storage and a power block are both held on top of a small scal@as power tower. This
concept is unique for its size (100 kW,), methodology (latent heat storage on top of the

tower), and is ability to turn on and o on demand. To analyze te potential of this design, |



rst developed a detailed thermal model to predict overallgstem performance and e ciency.

| also combined this model with techno-economic analysis &valuate the scenarios in which
the concept could be cost-competitive with both convential and alternative technologies.
With this opportunity identi ed, my subsequent e orts were largely experimental, as | led
construction and testing of two prototypes to provide a proiBof-concept of the technology.
The second of these prototypes built upon all previous adveements in knowledge and design
of the concept, and was able to demonstrate higher system aency than any previous
experimental e orts to combine latent heat storage with powr generation. The remaining
work to be done to develop this concept is in reliable contament of the phase change
material that we selected, aluminum-silicon. | performedxperiments on several potential
containment methods, but found mixed results, and further erts are still required before
commercial development of the technology.

The theoretical and experimental results of this thesis heladvance the technology of
latent heat storage for concentrating solar power. | have pvided a better understanding of
the impact of phase change material selection on performanand cost of an entire concen-
trating solar power plant, with detailed consideration of he importance of each phase change
material property. | have demonstrated the advantages of rted phase change materials with
modeling and experiments, reducing the risk of using theseaterials in latent heat storage
systems. | also helped identify remaining issues in religbtontainment of aluminum-silicon
as a phase change material. Together, this thesis providestimation for further progress in
latent heat storage for concentrating solar power, which atd 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 wetechnologies that reduce
greenhouse gas emissions. The electricity sector conttiési over 40% of worldwide energy-
related carbon dioxide emissions [1], and thus clean elacity generation from renewable
resources has been a focus of much of this global e ort. Hydmper is the most established
renewable electricity technology (it currently makes up rely 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 th&%6 [2]). Conversely, rapid tech-
nical progress and cost reductions have been recently reall for both wind power and solar
photovoltaics (PV) [3, 4]. Together, these made up almost 60%f global power capacity
additions in 2017 [2].

Unfortunately, the renewable electricity technologies thaare currently growing fastest,
PV and wind power, are inherently intermittent and therefoe cannot alone be used to meet
all of our electricity needs. The grid must always exactly ntah electricity supply with
demand, but grid operators do not have the ability to controwhen the sun shines or when
the wind blows. When PV and wind are added to the grid, then eitér other generators must
reduce output, or excess generation must be curtailed. Thersequence of this curtailment
can be signi cant: the National Renewable Energy Laboratorgstimated that if PV grows
to meet 22% of total electricity demand in California, 50% dPV generation will be curtailed
due to over-generation during periods of high solar resoeror low electricity demand [5].
Not only would this be a lost opportunity to use available clea electricity, but it would also

increase the e ective cost of wind and solar, making them legconomical and limiting their



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 outdufall, other generators
must increase their power output with high ramp rates, and nst turn on and o more
frequently. This reduces e ciency and increases the cost @frid 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 issuand enable e ective integration
of clean electricity onto the grid. As a rst low-cost solutio, grid operators may vary output
of what have historically been considered \baseload" gerators, to reduce curtailment and
satisfy a signi cant portion of ramping requirements [8]. Awther contribution to the overall
solution could be demand response: industrial and resid@itelectricity consumers can use
smart grid technologies to shift their demand to times whenariable resources are avail-
able [9]. Finally, energy storage can be used to de-couple mgyecollection from electricity
production. For grids with low levels of penetration of vadble generation, short duration
(<4 hour) storage may be su cient to capture near-maximum vale of PV and wind [8].
However, as grids shift to higher levels of penetration of vable generation, longer duration
storage will become more valuable [10, 11]. To capture thisogving value, many di erent
methods of energy storage are being pursued.

As of May 2019, pumped hydro storage was by far the most widelgployed energy stor-
age technology, making up 97.6% of globally operational eégg storage capacity on a power
basis and 98.8% on an energy basis [12]. However, pumped hysharage (and similarly,
compressed air energy storage) is geographically limitedydaunlikely to provide signi cant
additional storage in the future. Thus, attention has shiféd to emerging technologies of
electro-chemical, hydrogen, and thermal energy storage.aéh of these options has certain
advantages, and can be compared to each other for a given apgiion on the basis of lev-
elized cost of storage. In this comparison, electro-chemictorage, primarily with lithium

ion batteries, has been proven as a e ective and low-cost stibn for short duration storage



[13, 14]. However, these batteries can become quite expeadiw long duration storage due
to a relatively high incremental storage cost of over 150 $#&h [15, 16]. In this long dura-
tion storage application, or in some portable storage apphtions, hydrogen energy storage
appears to be attractive, but is still being developed to aokve costs that will make the
technology marketable [13, 17].

A nal energy storage technology, thermal energy storage @S), is the focus of the re-
mainder of this thesis. Though it is sometimes overlooked agyrid storage option, TES cur-
rently provides more global energy storage capacity than gechnology other than pumped
hydro storage [12]. TES also has attractive prospects forehfuture, 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 afipation of integrating high levels
of variable renewable electricity onto the grid. Many di eent methods for employing TES
exist, but here | focus on concentrating solar power, with d&led discussion in the following

section.
1.2 Concentrating solar power

Concentrating Solar Power (CSP, also commonly referred tosaconcentrated solar
power" or \solar thermal power") is a technology that convets sunlight to electricity in-
directly, by collecting the sunlight as heat, then transfaing that heat to a heat engine that
converts the heat to electricity. The rst step of sunlight ®llection is most often done with
mirrors that track the sun and re ect sunlight onto a solar reeiver. The mirrors may take
several di erent forms, including parabolic troughs that écus sunlight on a receiver tube,
parabolic dishes that focus sunlight onto a point receivenr heliostats that focus sunlight
to a receiver on top of a tower. Less commonly, Fresnel lenseay also be used to concen-
trate sunlight onto a receiver. Once sunlight is collectedsaheat at the solar receiver, the
heat can be transferred to a power cycle that produces eldactty immediately, or to a heat
exchanger that transfers heat into a thermal storage systemhere the heat is stored before

being transferred to a power cycle at a later time.



The rst generation of CSP system designs were those that inediately transferred
heat to a power cycle for electricity generation when sunhg was available. These systems
directly competed with PV, whose power output also follows # solar resource. In this
competition, PV had several advantages: high levels of irstenent, ability to use di use
sunlight, and modularity, which allowed PV to target many dierent markets and use high
throughput manufacturing techniques to achieve economied scale. PV technology then
progressed more rapidly and out-performed CSP, which had &t and nd another route
to commercial deployment.

In the next phase of technology development, modern (gengom 2) CSP designs in-
corporate thermal energy storage with molten salt as an emgr storage material. In solar
power tower designs, this salt (a mixture of nitrate salts)s pumped from a cold storage
tank to a central receiver on top of a tower where it is heatedybsolar radiation from 290 to
560 C. The salt then returns to the ground and is delivered to a hostorage tank. Separate
from this solar collection system, the salt can be pumped frothe hot storage tank through
a heat exchanger where it transfers heat to a steam Rankinecty that converts thermal
energy to electricity. The discharged salt then returns tohe 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 CSBystems, primarily because
it increased the capacity factor of these power plants (thegocentage of time that the plant
runs at full power). More electricity can be generated with he same power block, while
only adding incremental costs from other subsystems (thestge system, receiver, and
heliostat eld). Adding storage also signi cantly increasd 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 aalwable as PV [19]. This
has encouraged a second wave of commercial development dP,Gfth 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].



While generation 2 CSP has achieved some recent commerciatcass, additional im-
provements could be made for further cost reductions or vauadditions. Third generation
CSP is currently under development, with several competingechnology pathways being
considered [22]. The rst of these, the molten salt pathways an incremental change from
current generation 2 technology. By increasing operatingeinperature and shifting from
steam Rankine to a supercritical CQ@ Brayton cycle for power generation, this pathway
could increase conversion e ciency and thereby reduce sgsh cost. For this pathway, a
number of advancements are under development: power cyclegjh-temperature salt ma-
terials for sensible thermal energy storage, and other higamperature receiver and heat
transfer components. Second, the falling particle pathwag based on a concept of concen-
trating sunlight onto small particles that perform a dual rde in both receiving and storing
sensible thermal energy. Packed-bed or uidized-bed heatahangers can then transfer heat
from the particles to a power block. Finally, the third pathwa uses a receiver with a gas
phase heat transfer uid at high temperature and high pressa, and may be combined with
many di erent methods of energy storage, one of which is late heat storage. The tech-
nology proposed in this thesis can be most closely assoathteith the third pathway, but

represents its own unique approach as an addition to other gatays being considered.
1.3 Modular concentrating solar power

In the previous discussion, typical CSP designs have hisically been quite large ¥ 100
MW giectric ) SO that they can utilize high e ciency and low cost power blaks. However,
several advantages could be gained by shifting to a modulas T MW gjectric ) System design.
(1) Small scale systems can target market applications thatre not available to conventional
CSP. Half of microgrids in the United States require power lelgeof less than 1 MWecyic [23],
and a large CSP plant would be under-utilized and excessiyatostly for these applications.
(2) Small scale results in low capital cost, which makes crawsourced community-based solar
farms or other funding options attainable. (3) Low capital ost reduces the risk of nancing

new projects compared to the billions of dollars of capitalequired for conventional CSP.



Finally, with evidence from the success of PV, (4) rapid techhagy progress and (5) high
e ciency manufacturing processes are possible through Higr throughput manufacturing of
small plants.

Though they have not yet led to signi cant commercial deploynent, these advantages
have inspired several e orts to develop modular CSP system$hese e orts can be divided
into two categories, based on their method of solar conceatron. First, several e orts have
been made to incorporate TES with dish Stirling systems [24Early e orts were motivated
by remote power for space applications, and more recent etsrhave focused on terres-
trial applications. These used a wide variety of technologg for each system component:
thermoelectric generators, Rankine cycles, and Stirlinghgines for power conversion; salt,
sugar, or metal thermal storage materials; and pumped oilsieat pipes, and pool boilers
for heat exchangers. Notably, Temple University and In nia Cgporation built a latent heat
storage system using NaF-NaCl as a thermal storage material aadstirling engine for elec-
tricity generation. They demonstrated some initial succes but experienced dry-out issues
with their heat pipe design [25, 26]. Sandia National Laboraties also investigated latent
heat storage with Dish Stirling [27, 28]. They found potendl for cost-competitiveness, but
required further work on exible high temperature heat trarsfer pipes and material com-
patibility between their copper-magnesiume-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 andarebegroups. At a pilot plant
scale, AORA developed a design called the \Solar Tulip" (Fige 1.1(a)), which collected
sunlight in a compressed air receiver and did not incorpomatany energy storage but hy-
bridized solar heat input with hydrocarbon fuels for continous production of electricity and
heat from a micro-turbine. Graphite Energy (Figure 1.1(b)) @veloped an alternative con-
cept based on sensible heating of graphite blocks held on topa small scale solar power

tower. Vast Solar (Figure 1.1(c)) also created a small poweower design, utilizing a sodium



receiver. Unlike AORA and Graphite Energy, this design locad thermal energy storage
and power conversion (a steam turbine) components on the gral. Another company still
developing at a research level (design announced in 2018)eha (Figure 1.1(d)), designed a
system with latent heat storage in an aluminum-silicon PCMa sodium heat transfer uid,
and a Stirling engine for power conversion, with all compongs on top of the tower. While
none of these companies have reached extensive commercietsss, they provided technol-

ogy advancements and signi cant motivation for continued evelopment of modular solar

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

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



1.4 Heat engines

Though not the primary focus of this thesis, the heat enginénat converts heat to electric-
ity (often referred to as the power block) is a critical compent of a CSP system. Because
its e ciency a ects the size of all other system componentsit has more in uence on overall
system performance and cost than any other subsystem. Thiseans that it must be well
understood when designing a thermal energy storage systean €SP, and to provide relevant
background information, | further discuss heat engines irhts section.

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

ciency, carnot -

carnot = 1 Toor (1.2)

whereTq is the temperature of the cold side of the heat engine, affdy; is the temperature
of the hot side of the heat engine. In practice, the e ciency btheat engines is usually closer to
75% of Carnot e ciency [33], and is also often close to what igferred to as the Chambadal-
Novikov limit. This limit (sometimes incorrectly attribute d to Curzon and Ahlborn) is based
on endoreversible thermodynamics and considers exergytdsestion during heat transfer to

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

T
Chambadal Novikov = 1 cold : (1.2)

To apply these limits to a hypothetical scenario, we may coiter a system that has a
hot reservoir temperature of 550C, and a cold reservoir temperature of 3&. The 75% of
Carnot e ciency rule-of-thumb predicts that this system cauld 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 thes operating conditions, and
can be extended to other temperatures to determine approxate potential e ciency of a
power block for a given operation temperature of a thermal stage system. This reveals that

high temperature storage can lead to high thermal-to-ele@t conversion e ciency, which is



very important for overall system success. However, highegmperature operation can also
require more expensive materials for the storage system areteiver, which is an important
trade-o in overall system design.

Another important consideration when designing thermal emgy storage systems is how
heat is input to the thermodynamic cycle of a heat engine. S@rheat 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 mximum exergetic e ciency,
isothermal heat engines should be combined with isothermahergy storage. Similarly, heat
engines with temperature changes are most e ectively conmad with thermal storage sys-
tems that use sensible heat. In any other combination, thexgill be a large temperature drop
from the thermal storage to the working uid of the power cyat. This exergy destruction
during heat transfer represents a lost opportunity to prodce useful work (i.e. electricity
output). However, it is also important to note that ideal heattransfer performance is not
necessarily required to develop a cost-e ective system, g rule of matching heat input to
the thermodynamic cycle is not without exception.

Also relevant to ongoing development of CSP systems, we maynswer the commercial
maturity of di erent heat engine technologies. The most comonly used power generation
cycle is the steam Rankine cycle, and as a result all compoteaf this cycle have been heavily
optimized to reach overall e ciencies of 35-45%. In CSP sysins, heat is input to the steam
Rankine cycle at temperatures of 250-55@Q, which is primarily dependent on the operating
temperature range of the nitrate salt material used for thenal energy storage. At lower
temperatures, organic working uids can be used as an altaafive to steam, and organic
Rankine cycles have also reached maturity in commercial ddopment for applications such
as geothermal power. Another cycle in which the working uidltanges temperature during
heat input is the Brayton cycle. Though less mature than the Bnkine cycle, the Brayton
cycle has received recent interest, in particular with usef supercritical CO, as a working

uid, for its potential to reach 50% conversion e ciency [34.



Several heat engines that operate with isothermal heat inpmay also be considered for
use with CSP systems. Stirling engines are the most maturetbese options, due to previous
development for dish Stirling applications. These have rehed an e ciency of 40%, and have
been used at temperatures over 700 [35]. Other emerging heat engines that use isothermal
heat input include thermophotovoltaics and thermo-acousti thermoelectric, and thermionic
generators. These technologies are all still under devetoent, with lower e ciencies and
higher costs compared to options previously discussed, dioelimited commercial maturity.
However, continued research and progress could allow any bése technologies to become

viable options for use in CSP systems in the future.
1.5 Thermal energy storage

Both specic to CSP and general to TES for other applicationsthermal energy may
be stored in three di erent forms: sensible heat storage (ergy is stored by increasing the
temperature of a storage material), latent heat storage (engy is stored in the phase change
of a material at a constant temperature), or thermochemicdieat storage (energy is stored
via a chemical reaction).

Sensible heat storage is the most mature technology for usehwCSP, and involves storing
energy in a material that increases in temperature as it reies heat input. Historically,
sensible heat storage been done with sodium-potassium at& salt as a thermal storage
material. This salt melts at 220C, and begins to degrade slightly below 60C, meaning
that its operating temperature range is typically 250-55@C [22]. The salt also serves as
a heat transfer uid in the solar receiver, which reduces si@m complexity but also has
some disadvantages. If the material solidi es, it expandsyhich 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, intligdceramic particles and other
inexpensive materials such as rocks. Solid materials cahbe pumped, but can be physically

moved by other means, or can be placed in xed beds while a uifbas or liquid) is used
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to transfer heat into or out of the solid material. This creags potential for very low cost
systems, though also lower energy density than alternativiermal storage approaches, which
increases the cost of other system components (such as heathangers and storage tanks)
[22].

Latent heat storage, as an alternative to conventional seilde heat storage, has not been
deployed in any commercial CSP systems but is an attractiverimarily for its high energy
density and potential for low overall storage system cost. his has led to recent interest in
international research and commercial development, and guides 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 storageHTES) stores energy in the
isothermal phase change of a material. This provides the atage of high energy density,
which leads to a potential for low cost thermal energy stor&gsystems. The most common
phase change considered for these systems is between soldil@uid phases, because of its
high energy density, though solid-solid phase change stgeamay also be considered in some
applications. Storing energy in a phase change from liquid gas is generally not feasible for
large scale energy storage systems, because this eitherveay 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 isothermalperation, which as previously
discussed, makes it ideal for applications that involve heangines that receive isothermal
heat input. However, phase change can also happen over a ranféemperatures, leading
to the possibility of combining latent and sensible heat stage for use with other heat
engines as well. For a more detailed discussion, considerUfgy1.2. This gure provides a
phase diagram of the aluminum-silicon system, with incremg silicon content from left to
right. This phase diagram describes what phases are thernymdmically stable for a given
composition and temperature. At the far left of the diagrampelow 660C, is a single phase

region of nearly pure solid aluminum. Depending on the tempsure, a small amount of
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silicon may be incorporated without changing the phase, thugh saturation and movement
into two-phase regions occurs with relatively small amoustof silicon. Similarly, at the far
right of the diagram, below 1414C, is a single phase region of nearly pure solid silicon.
From here, even less aluminum may be added before moving irtdwo-phase region, and
so the width of this single phase region is very small (lessah the width of the lines in
the diagram). The nal single phase region in this phase diagm is the liquid region at the
top, which exists at all compositions but at varying temperaures depending on compaosition.
All other regions in the diagram represent mixtures of multife phases. At the bottom of
the diagram, we have solid Al-Si, where each location in thiggion represents a mixture
of solid aluminum and silicon phases. Above this are regionsswlid aluminum with liquid
aluminum-silicon (left), and solid silicon with liquid aluminum-silicon (right).

In a typical latent heat storage system, the eutectic compi®n is used, such that phase
change occurs at a single temperature. In the case of alumimsilicon, the eutectic com-
position is 12% silicon, as shown in green in Figure 1.2. Stang in the liquid phase region
at this composition and decreasing in temperature, we reathe eutectic point, where three
phases are in equilibrium: solid aluminum (with a small amaou of silicon), solid silicon
(with a small amount of aluminum), and liquid aluminum-silcon. To decrease temperature
from this point, a signi cant amount of energy must be remowé from the material. If this
is done, solid aluminum and solid silicon simultaneously fim, with a structure dependent
on how the material is cooled (most common is a lamellar struze). The composition
of each component of the solid aluminum-silicon material then given by the purple lines
in Figure 1.2, which follow the saturation lines for the two sigle phase regions as cooling
continues. However, during typical operation, the temperate will remain near the phase
change temperature, such that heat can be input and removedtiwvhigh exergetic e ciency
in combination with an isothermal heat engine.

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

considered for phase change materials for latent heat stgea However, o -eutectic com-
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Figure 1.2: Aluminum-Silicon phase diagram. If the eutecticamposition (12% silicon, in
green) is used for latent heat storage, phase change will ocat a single temperature of
577 C. However, if an o -eutectic composition is used, phase chge occurs over a tempera-
ture range (for the blue composition with 27% silicon, thisange is from 577- 800 C), which
could be desirable for certain applications.
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positions could also be used for non-isothermal operatioas shown by the blue line that
represents aluminum-27% silicon (an arbitrary compositig in Figure 1.2. In this case,
starting in the liquid phase region and decreasing tempernate, we reach a two-phase region
of solid silicon and liquid aluminum-silicon when we inteest the liquidus line near 800C.
At this point, regions of solid silicon begin to form within e aluminum-silicon liquid. Re-
moving more heat leads to further temperature reduction, asore solid silicon forms and the
liquid alumium-silicon becomes more aluminum-rich. Thisantinues until the temperature
reaches the eutectic phase change temperature of 5Z7Here, solid aluminum begins to
form, in addition to the other two phases in equilibrium (satl silicon and liquid aluminum-
silicon with 12% silicon). Cooling beyond this point, we emltr the two phase solid region,
which has a higher concentration of solid silicon than in thease of the eutectic compaosition.
Considering the full phase transition from liquid aluminumsilicon to the solid solution of
aluminum and silicon, this discussion illustrates how cheog an o -eutectic composition
allows for combination of both latent and sensible heat stage in a single material, and
interestingly shows that phase change can occur over a rangfetemperatures, which could
be attractive for implementation in a variety of systems.

While the above analysis considers di erent ways that phaséhange material could be
deployed, in the rest of this thesis, | focus on systems thatsa isothermal heat engines,
and therefore on the rst case that uses eutectic phase changhaterial compositions. For
this application, several reviews provide abundant data fpohase change material properties
[36{40]. Among available materials, salts and metals haveagived the most attention, but
each have their own advantages and challenges. Salts can & tost materials, but have
low thermal conductivity, which increases the cost of heatxehangers and has encouraged
research on advanced heat exchanger designs and develogrokather thermal conductivity
enhancements [38, 39, 41{43]. Metals solve this issue besmthey have high thermal conduc-
tivity, but generally have higher material cost and are verycorrosive: no high temperature

metal phase change material systems have been demonstratgth enough reliability for
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long-term operation. For both salts and metals, the solidduid phase change also presents
di culty for heat exchanger development, because the conwtional method of pumping a
sensible liquid storage material cannot be used. Thus, seakalternative solutions have
been experimentally explored, including tube-in-tank héaexchangers using pumped uids
[44{46], encapsulated PCMs [47{49], pool boilers [50, 5&hd heat pipes [24, 25, 27, 28, 52{
56]. However, both material development and system designntered around latent heat
storage are under signi cant development, leaving a sigréant opportunity for technology

advancement in this thesis.
1.7 Scienti ¢ advancements from this thesis

This thesis has contributed to the advancement of latent héatorage for concentrating

solar power in a variety of ways:

A broad contribution to the eld of CSP is given in Chapter 2. h this paper, |
developed a new methodology for evaluating phase change erals for latent heat
storage. My holistic modeling method took in critical PCM poperties as inputs,
and used these to calculate LCOE of a solar power tower. | apad the model to
hypothetical materials to quantify the value of each mateal property, then to real
candidate materials to identify some of the most promisingandidates that should be
considered for future development, and also considered timuence of heat exchanger
design on overall system success. Importantly, this modelass 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, | then completegerformance modeling
and techno-economic analysis for a new speci ¢ concept fancentrating solar power
in Chapter 3. This system design combined latent heat storaga valved thermosyphon,
and a heat engine all on top of a modular solar power tower. Myepformance analysis

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

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

In Chapter 4, | built a rst prototype system to prove that the above-modeled con-
cept would work in practice. The positive results of this primtype 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 integraton of subsystems with no

degradation in performance at interfaces.

A second prototype system, presented in Chapter 5, trangitned from thermoelectric
generators to a Stirling engine for electricity generationand also improved heater
design and insulation for thermal management. With these chges, | demonstrated
18.5% e ciency in converting stored heat to electricity, amnl 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 stoage system combined with

electricity generation.

In Chapter 6, | performed experiments to screen potential atainment materials for
Al-Si as a PCM. | helped evaluate thermdynamic and mechanicatability of metals,
ceramics, and coatings when exposed to a variety of condit®on a variety of surface
geometries. We found that plasma-sprayed ceramic coatingere e ective for a short
duration or under constant temperature conditions, but prduced mixed results when
exposed to thermal cycles. We were able to use these coatifigisinitial prototype

experiments, but long-term reliability is still a necessar 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 Real? Eric S Toberer? Nathan P Siegel

The idea for this paper arose from my frustration as | read thexisting literature on
PCMs for CSP. Researchers working in this eld appeared to kepproaching their material
selection from a very narrow view. They looked at a con ned ass of materials, down-selected
to a desired temperature range based on their chosen poweod¥, then picked a material
with what seemed like high energy density because that wouldve supposed performance
and cost bene ts. Some papers would make qualitative commerand 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 importancef holistic system modeling.
The design or performance of one component of a system candiavarge in uence on other
components, and thus when designing complex systems, it &y important to consider the
entire system as a whole. To apply this lesson to PCM seleatian this paper | built a new
model to evaluate PCMs for their full impact on LCOE of a CSP @nt. This allowed me to
qguantify the value of each PCM property, identify leading cadidate materials, and illustrate
my point about the importance of holistic system modeling. intentionally made my model
as simple as possible, and added detailed discussion of &ramls between material selection
and full system design, in the hope that this paper would progte a useful guide to a wide

audience in future research into PCMs for CSP.

!Designed model, performed calculations
2Wrote manuscript
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2.1 Abstract

Concentrating solar power (CSP) has potential to increasené amount of renewable
energy on electric grids and reduce global carbon emissipms particular because of its
capability to incorporate inexpensive thermal energy stage. To realize this potential, de-
velopment of latent heat storage with phase change matersa{PCMSs) is attractive because
of its high energy density and low material cost. Research this area has identi ed many
promising materials, and has developed e ective storagestgm designs that could be used
to deploy PCMs. However, the eld has lacked a rigorous methotbgy to select the opti-
mal material for a particular CSP system. To address this nde here we present a holistic
model that evaluates all important in uences of PCM properies on the performance and
cost of an entire CSP plant. We apply this model to over 100 ohé most widely considered
candidate materials, including both salts and metals. We a@untify the relative value of each
PCM property, and identify leading materials for applicaton in CSP systems. This method
and our results may aid future e orts to develop latent heat ®rage by providing a more

informed view of how material selection impacts an entire GSsystem.
2.2 Introduction

Compared to other carbon-free electricity generation tedwologies, concentrating solar
power (CSP) can provide very high-value electricity due tots dispatchability. For some
electric grids, CSP has been found to be more than twice as wable as photovoltaics [19].
This advantage of CSP comes from its ability to incorporatenexpensive thermal energy
storage, which currently costs near 20 $/kWh, and may reach tiure costs of below 15
$/kWh [18]. Based on these low storage system costs, the Unit&tates Sunshot program
has set targets for levelized cost of electricity (LCOE) at §kWh for \baseload" CSP plants
and 10g/kWh for \peaking" CSP plants [57]. If successful, these targts could allow CSP
to compete with other electricity generation or storage tdmologies, whose levelized costs of

storage are likely to remain near or above 1§kWh when operated for purposes of peaker
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replacement [13, 58].

To achieve Sunshot cost targets, three di erent technologgathways are being pursued
for the next generation of CSP [22]. The rst is an extensionfanodern state-of-the-art
technology, which uses molten salt as both a heat transfer id and storage media, and
a steam Rankine cycle to convert heat to electricity. To impve upon this technology, a
transition to higher temperatures (requiring new materiad) and a super-critical CQ Brayton
cycle could increase conversion e ciency and therefore nece system costs. In a second
CSP technology pathway, solid particles are used both to ¢ett and store heat. This
technology has not yet been demonstrated commercially, bappears to have potential for
future success [59]. The third CSP technology pathway usegas-phase receiver, and may
incorporate a variety of methods for energy storage and pomgeneration. Here, latent heat
storage with phase change materials (PCMs) has received exttion due to its high energy
density and resulting potential for low material and storag system cost. This type of system
with latent heat storage would be best matched to an isotherah heat engine for electricity
generation, but cascaded systems with multiple PCMs at dieent temperatures could also
be implemented with other power cycles (such as the supeitimal CO, Brayton cycle) with
high exergetic e ciency [60, 61].

Within latent heat storage research, many previous studiesalie established material
properties for potential PCMs [36{40]. Other studies havenvestigated methods for e ec-
tively integrating PCMs into storage systems. Heat exchangelesign is critical, and several
concepts have been proposed that use heat pipes [24], gréplor metal foams [62, 63], or
encapsulation [48, 49, 64] to enhance the thermal conducdtiwvof PCMs or reduce heat ex-
changer costs. Also critical are reliable containment systes that can ensure long system
lifetime. As such, additional studies have explored matetizompatibility between PCMs
and containment materials [40, 65{67].

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

system designs, what the eld lacks is a holistic methodolgdor selecting the optimal PCM
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for a particular system. Previous e orts have generally setted candidate materials based
on limited comparisons of some, but not all important mate&l properties [68, 69]. Several
studies have extended their analysis to the entire storaggstem [70, 71], but still did not
consider the in uence of PCM selection on the rest of the CSHamt. Wei et al [72] provided
a comprehensive review of this eld of research, but importdly identi ed the lack of an
integrated study for PCM selection that considers all propéies and their in uence on the
entire system.

Ideally, material selection would be based on a holistic metthat optimizes a detailed
system design to minimize LCOE. This model would be appliedteach available material
to make an even comparison between options. However, detdilgystem design is costly,
takes a long time to develop, and may be in uenced by the mated selection itself. As
an alternative solution, in this paper we present a simpler adeling methodology that is
computationally inexpensive but still considers the in ueege of all material properties on
the most important overall system metric, LCOE. This provies rapid insight regarding the
value of di erent material properties, and can be used to impve selection of a PCM for
CSP.

In Section 2.3 of this paper, we qualitatively discuss the itical properties of PCMs,
and their general in uence on overall CSP system performae@nd cost. In Section 2.4, we
establish a performance and cost model for a solar power towieat uses latent heat storage.
We then execute this model in Section 2.5 with hypotheticalanges for PCM properties, in
order to quantify the in uence of each property on the overdlsystem LCOE. Finally, in
Section 2.6, we apply our model to real materials, in order tmentify leading candidate

materials and further investigate the e ects of material dection on CSP systems.
2.3 Critical phase change material properties

When selecting phase change materials for concentrating &aopower applications, sev-
eral material properties are critical for successful systedesign and minimization of overall

system cost. These properties, and their in uence on the aal 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 blockeceiver, 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 eincies (or increases cost of
mitigating losses). High temperatures can also be cost-piibhiive because they require

expensive high-temperature materials for containment ordat transfer components.

Material cost . The storage material can be a signi cant portion of the sta@ge cost,
and many materials are too expensive for a successful ovesgtem, regardless of their

thermal properties.

Energy density primarily on a volumetric basis, though gravimetric energydensity
may be an important consideration in some cases (for examplé storage is located
on top of a tower [73]). A high energy density means that a smai volume of storage

material is required; this reduces both containment and héaxchanger costs.

Thermal conductivity . A high thermal conductivity material requires less heat ex
changer surface area or leads to a smaller temperature drdpdugh the PCM while
charging or discharging the storage system. This reducesah@xchanger 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 neatals must be used to
prevent corrosion. Some materials have no existing solutidor long-term reliable

containment.

A wide array of materials have been studied for latent heat #rmal energy storage,
though within the temperature range typically considereddr concentrating solar power, the
two primary classes of materials are salts and metals. Figu2el shows the critical properties

for a near comprehensive list of these materials in a tempéuee range between 300-1500
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Figure 2.1: Critical thermal properties for salts and metalshat may be considered as PCMs
for CSP. Filled circles indicate materials with thermal condctivity above 10 W/mK (metals),
and open circles represent materials with thermal conduwgity below 10 W/mK (salts, mostly
below 2 W/mK). Within these two material classes, a large numlyeof materials are available
with a wide range of thermal properties. However, the relates 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 ahése 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 matersaWith cations of Li, Be, Na, Mg,
K, Ca, Rb, Sr, Cs, and Ba, and anions of hydride, hydroxide, daonate, nitrate, phosphate,
sulfate, uoride, chloride, bromide, and iodide. For meta, we include Be, Mg, Al, Si, Ca,
Mn, Fe, Co, Ni, Cu, Zn, Ge, As, Sr, Ag, Sb, Te, Au, and Pb. For both std and metals, we
also include many binary eutectic mixtures of these matels and select ternary eutectics
as well.

Figure 2.1 shows that there are a large number of candidate nesials available for con-
sideration, with a wide range of thermal properties. Using ik data, a simple approach to
selecting a material for a CSP application would be to constin the search to a desired
temperature range, then choose a material that appears toV&@a good combination of low
material cost and high energy density. However, this methodilvnot necessarily choose the
best material, because it does not quantify the relative vaé of each property, or consider
the in uence of all material properties on the overall perfonance and cost of the system. To
make a fully informed material selection requires develomnt of a holistic system model that
takes all material properties as inputs and determines lelzed cost of electricity (LCOE) as
an output. That is what we aim to provide in this paper: a simpé 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 andst model of a solar power
tower plant that incorporates latent heat thermal energy strage with a single PCM. Model
inputs include PCM properties and several performance andst assumptions; the key output
is LCOE. The model is simple enough to be easily reproduced miodi ed, but su ciently
re ned such that potential PCMs may be compared and each cigal PCM property may be

evaluated for its in uence on overall system performance drcost.
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241 LCOE

The LCOE of the solar power tower plant is given in Equation 4.

Ciota CRF + FO&M

LCOE = 8760 F

+ V 0&M (2.1)

where Cyya IS the total system capital cost,CRF is the capital recovery factor,FO&M
is the xed operation and maintenance costCF is the capacity factor, andV O&M s the
variable operation and maintenance cost. In this modeCF is taken as an assumption, and

CRF is calculated as

i(L+i)"
CRF = (1(+ i)”)+1 (2:2)
wherei is the annual interest rate andn is the number of years that the plant operates.
The remaining terms in Equation 2.1 Ciyai , FO&M, and V O&M ) depend on several more
assumptions, as well as the in uence of PCM properties on germance and cost of many

components. We model and discuss these e ects in the follogisubsections.
2.4.2 Total system capital cost

The total system capital cost,Cyyq , IS the sum of several subsystem costs, scaled by the
design power output of the plant,\A,, and a capital cost factor,CCF, that includes tax,

engineering, procurement, and contingency costs:

C + Cpg + C i
Ctotal — ( storage PB colIect|on)CCF: (2.3)

We

In Equation 2.3, Csiorage IS the cost of the storage systentCpg is the cost of the power

block, and Cqyjeciion IS the cost of the solar collection system. The solar collémh system

cost is divided into several components in Equation 2.4:
Ccollection = CIand + Cfield + Ctower + Cr (2-4)

where Ciang is the cost of the land where the CSP plant is placedGsieq is the cost of the

heliostat eld, Cywer IS the cost of the tower, andC; is the cost of the receiver. Similarly,
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storage cost is divided into its component costs in EquatioR.5:
Cstorage = Cpcm + Chx + Crank (2.5)

whereCpcm , Chx , and Cink 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 materialgecy , in units of $/kWh,

scaled by the amount of thermal storage:siorage, in units of kWh:
Cpcm = Cpcm Estorage: (2.6)

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

power of the power blockQpg, and the duration of storage dsorage
Estorage = Q-PB dstorage (2-7)

whereQpg depends on the design power outpull, and e ciency pg oOf the power block:

Qe = . (2.8)

PB

In this estimate of Egiorage, We have neglected any losses from the thermal storage syste
during discharge, which would typically be very small (1%) for CSP systems.

For most power block technologies, e ciency is relatively @nstant as a percentage of
Carnot e ciency, fpg [33]. This allows the power block e ciency to be described aa
function of its hot and cold side temperaturesT, and Tg:

T
pe = fpg 1 T—C : (2.9)
h

The hot side temperature of the engine depends on the meltibgmperature of the PCM,
T, the temperature drop through the PCM during discharge, Tpcm.q, and the temperature
drop through the heat exchanger between the PCM and the powbetock during discharge,

Thux :

Th=Tn Thx Tecmd: (2.10)
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Similarly, the cold side temperature of the engine depends the ambient temperature,
Tamb, and the temperature di erence from the heat exchanger at #hcold side of the power

Te= Tamp + THX;rej : (2.11)
Combining Equations 2.6 - 2.11, the cost of the PCM is then

\Nedstorage

f 1 Tamb + TH>(;rej
PB Tm  Thx Tpemd

Cpcm = Crcm (2.12)

In Equation 2.12, most parameters are input as assumptionwjth the exception of the
PCM properties that are unique to each material and Tpcm.g, Which we optimize for each
scenario and discuss in Subsection 2.4.11. Then, Equatiodi2 shows that the cost of the
PCM depends not only on speci ¢ material cost, but also on ntihg temperature and the
temperature drop through the PCM during discharge, which isn 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 air 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 exchange€yx , based on the mass of
heat exchangermyy , the heat exchanger material cost¢yxmat , @and a manufacturing cost

factor, Caxmeg :

Chx = Myx Crxmat CHxmfg (2.13)

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

heat exchanger, Vux , Pux » and nx , respectively):

Mux = Vux (1 Prx ) Hx - (2.14)
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To determine the volume of the heat exchanger, we introducede nition for the area
density (or surface area to volume ratio) of the heat excharg nx , with Equation 2.15:

AHX .

HX

Vux =

(2.15)

The nal term needed to estimate heat exchanger cost is thegaired surface area of the
heat exchanger,A,x . For a given temperature drop through the PCM during dischage,
this can be derived with an assumption that all heat exchangsurfaces are equidistant from
each other. The temperature drop is proportional to the heatansfer rate through the PCM

to the power block,Qpg, and the thermal resistance through the PCMRpcw :
Trcmd = QeeRpem: (2.16)
The thermal resistance through the PCM is

L
Rpcy = LX‘ (2.17)
pcM Anx

where pcy is the thermal conductivity of the PCM and Lpcy , the characteristic length

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

Vecum
L = : 2.18
PCM TN ( )

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

storage in the plant to the volumetric energy density of the EM, upcy :

E
Vecm = w: (219)
Upcwm

Combining Equations 2.7 and 2.16-2.19, and rearranging,ghequired surface area of the
heat exchanger is:
S

dstorage
A = : 2.20
X Qee 2 pcmUpcm  Tpcmd ( )
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Then, combining Equation 2.20 with Equations 2.8 and 2.13-15 , the cost of the heat

exchanger is:

We dstorag e

pB HX 2 pcmUpcm Tpcwmd

Cux = Hx (1 PHxX )CHxmat CHxmfg (2.21)

Our heat exchanger cost model in Equation 2.21 is based on twatical features of
the heat exchanger: area density (or surface area to volumatio) px , and porosity pyx -
This general treatment allows the model to be applied to a walrange of heat exchanger
designs, but still retains two important in uences of PCM poperties on system cost. First,
high PCM thermal conductivity allows heat exchanger surfas to be placed further apart,
leading to a lower heat exchanger cost. Second, both high theal conductivity and high
energy density reduce the required heat exchanger volumehieh reduces tank size and
therefore tank cost. We also note that the input of Tpcm.g Strongly in uences the required
surface area and resulting cost of the heat exchanger, busalin uences the temperature of
the solar receiver and the temperature of the heat deliverad the power block. To make
an even comparison among scenarios with di erent PCMs, ouradel optimizes this input

as discussed in Subsection 2.4.11.
2.45 Tank cost

For this analysis, we determine tank cost based on the intemhvolume of the tank and
the speci ¢ tank cost on a per-volume basis;, . The total volume inside the tank is the

sum of the volumes of the PCM and heat exchanger, so:
Ciank = (Vhx + Vecwm )Cank (2.22)

where the volumes of the PCM and heat exchanger were previbudetermined in Equations
2.15 and 2.19. Inspection of these equations shows that hig&M volumetric energy density
and high PCM thermal conductivity lead to low tank costs. Thts, similar to our general

treatment of the heat exchanger, this simple model is adagtée 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 co®f insulation that surrounds
the tank, to quantify the impact of tank size and PCM temperatire on both insulation cost
and storage e ciency. This insulation cost,Cinsyiation , IS based on the volume of insulation,

Vinsuiation » and the speci ¢ cost of the insulation on a volumetric basiSnsyiation :

Cinsulation = Vinsulation Cinsulation (2-23)

Assuming all sides and the top and bottom of the storage tank ainsulated, the volume
of insulation is:

h2
Vinsulation = tznk (f i:rams 1) (2.24)

wherehgnk IS the tank height andf s is the non-dimensional ratio of the outer radius of the
insulation to the outer radius of the tank. To determinehi , we assume that tank height

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

n #l=3

4
Ntank = — Vpcem + Vhix : (2.25)

Then, using Equations 2.23-2.25 and previously calculatedx and Vpcym , our model

estimates the cost of insulation and includes this with tankost.
2.4.6 Power block cost

In most cost models, power block cost is expressed on a cost-pvatt-electric basis. From
an alternative perspective, a power block may be designed #thermal power rating, and
its power output depends on its e ciency, which in turn depemns on its hot and cold side

temperatures. In this method, we have:

Cre = QpraCprB (2.26)
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where cpp is the power block cost on a per-watt-thermal basis. Combimg Equation 2.26

with previous Equations 2.8-2.11, we then have:

Cpg = e _ Crp- (2.27)
f 1 Tamb +  THxrej
PB Tm  Thx Tecmid

In Equation 2.27, our model quanti es the impact of two PCM poperties on power
block cost: (1) higher melting temperature leads to higher @ency and therefore lower
cost, and (2) higher thermal conductivity reduces the tempgature drop through the PCM
during discharge, which increases the temperature delieer 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 inettfsystem Advisor Model

developed by the National Renewable Energy Lab [76]:

0:7
A

(2.28)

whereA, is the area of the receiver, an€,,.; and A..; are the cost and area of a reference

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

_ Q—receiver
G:max =2

where Qreceiver 1S the design thermal power of the receiver angl.,.x is the maximum allow-

(2.29)

r

able heat ux of the receiver. The design thermal power of theeceiver depends on the design
power output, the e ciencies of the power block and storageystem, ( pg and siorage), and

the solar multiple, SM:

Qreceiver = LSM: (2.30)

PB storage
Combining Equations 2.28 - 2.30, the cost of the receiver is:
ZWeSM 0:7
Cr = Cryrer . (2.31)

;max Ar;ref PB storage
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Now, to estimate C;, the remaining term that has not previously been calculateds
storage- Otorage e ciency is the ratio of annual energy that goes tohte power block,Qpg,
to the energy that goes into the storage system, which is theis of Qpg and the energy

lost from the storage systemQsiorageloss :

QF’B

QPB + Qstorageloss.

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

(2.32)

storage —

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:

CF
storage — Qee (2.33)

Q—PBCF + Q-storageloss
where Qsiorageloss 1S the rate of heat loss from the storage system. Based on aifrensional

heat loss calculation (assuming that insulation is the prilary thermal resistance for heat
loss), we estimate this loss as:

Tm Tamb .

Qstorageloss = . (2.34)

Rinsulation
where Rinsulation 1S the thermal resistance of the insulation that surroundshte storage tank.
Based on parallel thermal resistances on the sides, bottoand top of the storage tank, we

nd:

2 ins htank ins htank !
insulation In (f o ) f S 1 ( 35)

Combining equations 2.33-2.35 and rearranging, we then leastorage e ciency:

PB 2 ins htank ins htank
Tm T + ; (2.36)
NeC F " ame In (f ins ) f ins 1

storage — 1+

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

must be optimized for each PCM and design scenario in order toake an even comparison
between potential PCMs. This is discussed in Section 2.4.11n combination with the

previously calculated pg and hgnk, Equation 2.36 can then be used with Equation 2.31
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for calculating receiver cost . Examination of these equats shows that all PCM thermal
properties have an in uence on receiver cost, which is lovidser a PCM with intermediate

melting temperature, high energy density, and high thermatonductivity.

2.4.8 Tower cost

Following the tower cost model in the System Advisor Model:
Crower = Ctower;ref g% 011 2Ntower (2.37)

where Cyowerret 1S @ constant with units of dollars andher is the height of the tower in
meters. Based on simulations that we ran using the publiclyvailable software SolarPILOT
[77], we approximateh,wer as a function of the thermal power rating of the heliostat edl,

Qsield -
hrower = 15:36(Qyierd )** (2.38)

where Qsielg , In UNits of MW, is based on the system design power output, alubsystem

e ciencies, and the solar multiple, SM:

Qfietld = LSM: (2.39)

PB storage r

The only term in Equation 2.39 that we have not previously déved is receiver e ciency,
r. For this calculation, we use Equation 2.40:

_ Q-receiver
r— r
Q—receiver + Q—r;loss

where  is the absorptivity of the receiver surfaceQeceiver IS the heat transfer rate from

(2.40)

the receiver to the storage system, an@;...ss iS receiver thermal loss rate. This loss can be

calculated as the sum of convective and radiative lossesrfrdhe receiver:
Q-r;loss = hrAr(Tr Tamb) + rAr(Tr4 Ta4mb): (2-41)

In Equation 2.41, h, is the heat transfer coe cient for convection from the receier,
is the Stefan-Boltzmann constant, , is the emissivity of the receiver surface, and, is the

temperature of the receiver. Combining Equations 2.29 and4D-2.41, receiver e ciency is
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then:

" ! I#
2
hr T Tamp + T4 T4

r amb
G max

(2.42)

The only parameter in Equation 2.42 that is not taken as an asmed input is receiver
temperature. This temperature depends on the melting tempature of the PCM, the tem-
perature drop from the receiver to the thermal storage syste T,, and the temperature

drop through the PCM while charging, Tpcmic:
Tr = Tm + Tr + TPCM;C: (243)
We take T, as a xed input, and calculate the temperature drop through he PCM

while charging as:

SM

storage

Tecme =  Tecmd (2-44)

Equations 2.38-2.44 provide all required inputs to tower ebin Equation 2.37. This cost
is lowest when the combination of power block, storage, anéaeiver e ciency is highest.
This occurs for PCMs with an intermediate melting temperatte, high energy density, and

high thermal conductivity.
249 Solar eld cost
The cost of the solar eld, Cyieiq , is the product of the re ective area of the heliostat
eld, Asielq , and the speci c cost of the eld, Gigqg :
Ctield = Avield Crield : (2.45)

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

ciencies, the solar multiple, and the design solar resouy@gojar :

Afield = We SM: (2.46)

Gsolar PB storage r field
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To estimate the e ciency of the heliostat eld, g, We use the same SolarPILOT

simulations that we used to determinéyer, and nd:

fielg = 0:7e %00018%rieu (2.47)

where Qsieig IS input in units of MW. Now, the cost of the eld can be written usng terms

that have all been previously calculated:

Ctielda = We SM Cyierq (2.48)

Golar PB storage r field

In addition to this eld cost, our model includes the cost of peparing land for placement
of heliostats, and the cost of the land itself. The site prepation cost, Csieprep , IS:
Csiteprep = Afield Csiteprep (2.49)

wherecsieprep IS the speci ¢ cost of leveling and other necessary prepai@t for the heliostat
eld installation. Finally, our model estimates the cost of &nd, Cj;nq, based on land area,

Aland, @and the speci ¢ cost of land,Gang :

Cland = Aland Cland - (2.50)

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

previously mentioned for calculatinghiower and fielg , With Qyielg input in units of MW:
Aland =1 :37(Q-field )1:13: (2-51)
Equations 2.48 - 2.51 show that the cost of the heliostat eldepends 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 8P systems depend on
the size of several system components. Following the cost aeb in the System Advisor
Model, some of these costs are linearly dependent on subsystsize, and others scale less

than linearly such that normalized cost is lower for largerystems. Variable operation and
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maintenance costy O&M , includes utilities and other miscellaneous costs. We calate this
cost based on several reference cos;{Cs) and the corresponding design power output,
heliostat eld area, receiver thermal power rating, and engy stored for a reference system
(Weret » Afieldiref » Qrret » aNd Estorageyret  respectively):

A .
VO&M = C, We +C, field +Cs Qr +
Weref Avield:ref Qyrref
! 0:7 ! 0:7 (252)
C4 Estorage + C5 We
Estorage;ref VMe;ref

Fixed operation and maintenance costFO&M, is primarily made up of labor costs,
but also includes the cost of mirror washing and other seraccontracts, and additional
miscellaneous costs. The full equation we use f6fO&M has a large number of terms,
so rather than replicate it here, we simply state that this cst depends on the sizes of the
heliostat eld, receiver, storage system, and power block ia similar fashion to Equation

2.52.
2.4.11 Optimization of Tpcem and fis

In our model, two important inputs that in uence overall sysem performance and cost
are the temperature drop through the PCM during discharge, Tpcm.g, and the ratio of
insulation radius to tank radius, fi,s. A larger Tpcmg reduces heat exchanger cost, but
also reduces the e ciencies of the power block and receiveA larger insulation thickness
increases insulation cost, but improves storage e ciencyBoth of these trade-o s depend
on the temperature and size of the storage system, and thus RiCproperties Ty, Upcwm ,
and pcm . Therefore, the best values of Tpcmg and fins are di erent for each PCM, and
these parameters should be optimized so that the model canogide an even comparison
based on how the system would be designed for each PCM. To execthis optimization,
our model runs simulations for a wide range of values ofTpcm.g (in increments of 1C)

and fi,s (in non-dimensional increments of 0.01), and chooses thesdg that results in the
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lowest LCOE. Our results are then based on the optimal higleVvel 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 retairg the in uence of all PCM
properties on performance and cost of all major system conmemts. This makes the model
adaptable and rapid to execute, but means that the model refs on simpli cations that limit
its accuracy. We make several high-level assumptions, thgiudetails in a real application
are much more nuanced. Therefore, the results of our modekarseful for exploring general
trends and initial down-selection of potential PCMs, but nofor nal design of a CSP plant.

One potential contribution to cost that is ignored in this malel is the cost involved
with PCM chemistry. Some PCMs are highly corrosive to standd construction materials
(in particular, metal PCMs), and additional cost for specity containment materials or
coatings could have an e ect on the overall cost results [78Dther materials are toxic or
ammable, requiring costly handling procedures. For stality, some PCMs may also need

to be contained within inert atmospheres, which would incese containment cost.
2.4.13 Summary of model and assumptions

Table 2.1 provides a summary of assumptions we use in our mbd€éhese assumptions
are generally based on the 2030 targets for the Sunshot pragr, and represent technical
and cost progress that is expected to be achieved by that timén this paper, we choose to
simulate a \peaking" CSP plant with 6 hours of storage and a gacity factor of 0.4, as one
potential design for future CSP. However, our model could ggsbe applied to alternative
con gurations as well.

For some assumptions in Table 2.1, we use cost ranges rathieart single input values.
For these assumptions, we use uniform probability distridions to select input values, indi-
cating our uncertainty in component technology progress B030. Further, some of our cost

inputs depend on operation temperature, which we divide intthree temperature ranges that
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correspond to limitations of common structural materials.Steel may be used up to 40C,
stainless steel may be used up to 63D, and specialty materials (inconel or ceramics) must

be used for higher temperatures.

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

Parameter Value Units Parameter Value Units
Tamb 25 C HX 300 +/- 200 m?=m°
Gsolar 950 W=n? PHx 0.75 +/- 0.15
We 115 MW fpe 0.65 +/- 0.1
Ostorage 6 hours T, 15 +/-5 C
SM 1.6 Ctield 60 +/- 10 $=m?
CF 0.4 CHxmfg 4 +/-1
Arref 1571 m? Csiteprep 10 +/- 2 $=nv
Ok:max 1000 kw=n? Ciand 10,000 +/- 2,000 $acre
h, 5 W=m?K Cinsulation 100 +/- 25 $=m?
r 0.94 Ciowerref 2,100,000 +/- 20% $
. 0.88 CrB 0.45 +/- 0.05 =W,
Tax 10 C Cif T,, < 400 C, 1.5 +/- 0.5
Thxre 17 C CHXmat if T, <650 C,4 +/-1 $=kg
HX 8000 kg=n? if T, > 650 C, 18 +/- 3
e 01  W=mK Cif T,, < 400 C, 0.62 +/- 25%
n 25 years Crank ifT, < 650 C, 1.42 +/- 25% =L
i 0.07 if T, > 650 C, 6 +/- 25%
CCF 1.25 ( if T, < 400 C, 69,062,500 +/- 10%
Crref if T, < 650C, 85,000,000 +/- 10% $

if T, > 650 C, 159,375,000 +/- 10%

2.5 Model results for varied PCM properties

Here, we apply the modeling framework established in Secti@ to a single solar power
tower system design with speci cations and assumptions @m in Table Table 2.1. Before
considering real candidate materials, in this section we mu> 100,000 simulations for cases
within ranges of possible material properties. This provis results that quantify the relative

value of each PCM property based on its impact on overall sysh LCOE.
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Figure 2.2: LCOE results for general variation of material perties. (a) Surfaces of constant
LCOE for a material with a melting temperature of 600C show that all material properties
are important considerations for the overall system LCOE. Té slopes in the contour lines of
(b-d) quantify the relative value of each PCM property for a ertain situation. (b) assumes
a melting temperature of 600 C and a thermal conductivity of 0.5 W/mK. (c) assumes a
melting temperature of 600C and an energy density of 500 kWh/r. (d) assumes a thermal
conductivity of 0.5 W/mK and an energy density of 500 kWh/n?.
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In Figure 2.2, we show results of LCOE as a function of the fouritcal PCM properties
Tm, Upcm, pcm, and cpcm (Melting temperature, energy density, thermal conductivy,
and material cost). Figure 2.2(a) shows surfaces of constda€OE, assuming a PCM melt-
ing temperature of 600C. The shape of each surface then illustrates the relative partance
of each material property for minimizing LCOE. Material cos has a linear in uence on
LCOE, while the non-linear slopes of the surfaces with resgeto energy density and ther-
mal conductivity reveal diminishing returns for improvemats in each of these properties.
The symmetry of the surfaces with respect to material costnergy density and thermal con-
ductivity also demonstrate that each of these material progrty inputs have an important
impact on overall system LCOE. When selecting a PCM for CSP apgations, none of these
properties should be neglected.

Figure 2.2(b) shows a vertical slice of Figure 2.2(a) at a themh 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 coatr line of constant LCOE (the
slope of the line) quanti es the value of energy density forie overall system. For example,
a PCM with an energy density of 300 kWh/n? and a material cost of 5.3 $/kWh results in
an LCOE of 7.2g/kwh. If comparing with a material that has an energy density & 400
kWh/m 3, the same LCOE corresponds to a material cost of 6.9 $/kWh. Tlsy for a starting
material with T,, = 600 C, pcm = 0.5 W/mK, and upcy = 300 kWh/m 3, increasing
energy density is worth approximately 1 $/kWh in material cosper 60 kWh/m? in energy
density.

Similarly, Figure 2.2(c) shows a vertical slice of Figure 2.8) at an energy density of 500
kWh/m 3. Following the trend from one contour line to another, high termal conductivity
and low material cost lead to low LCOE. Following along a sirig contour line of constant
LCOE quanti es the value of thermal conductivity for the oveall system. For example, the
contour line for an LCOE of 7 g/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 materal cost to near 1.5 $/kwh.
Therefore, for a material withT,, =600 C, upcy = 500 kWh/m 3, and pcy = 0.36 W/mK,
increasing thermal conductivity by 40% is worth about 1.5 $#Wh in material cost.

Lastly, Figure 2.2(d) shows the in uence of PCM melting temprature on LCOE. The
black vertical lines in this gure occur at the discontinuiies in LCOE that are caused by
transitioning from carbon steel to stainless steel (40Q) and from stainless steel to higher
temperature materials (650C) for the storage tank and heat exchanger. In addition, as &
PCM melting temperature approaches these transition poisf receiver temperature increases
such that the receiver must also be made of more expensive evéls, which increases LCOE
sharply. Across the full range of temperatures that we consd the other primary trade-
o is that as melting temperature increases, power block e e&ncy increases while receiver
e ciency decreases. Considering all of these e ects, our rdel shows that while higher
temperature generally reduces cost within a temperature mge, the lowest cost occurs at
intermediate temperatures, where relatively low-cost staless steel may be used as a material
for storage tank, heat exchanger, and receiver component&. nal note on Figure 2.2(d)
is that the slopes of the contour lines quantify the value ofh@anging melting temperature.
As an example, within the range of 400-60C these slopes show that increasing melting
temperature is worth between 0.1-0.2 $/kWh perC.

The same process followed in the above discussion for Figurg(2)-(d) could be applied
to any material within the range that we consider. For a giverset of material properties,
our system model and Figure 2.2 provides the relative value each material property. This
visualization is valuable for comparing two materials thamay 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 bensidered for latent

heat storage for CSP. The materials that we consider here atlee 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 P€Mat illustrate the impact
of material properties on costs of di erent subsystems. Cqgmaring the rst two materials,
Al-Si is one of the most promising metal PCMs, and NaCl repressna characteristic salt.
Considering the storage system costs in Figure 2.3(a), NaClda lower material cost than
Al-Si (0.6 $/kWh compared to 15 $/kWh), but much higher heat exclanger 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 kwWhnh?® for NaCl and 365 kWh/m?®
for Al-Si), NaCl has a signi cantly higher tank cost because & higher melting temperature
(802 vs 577C, respectively) requires more expensive structural maiats. Together, this
leads NaCl to a storage cost of 30 $/kWh, and Al-Si to a storage ¢ad 16 $/kWh; for our
modeled system, these storage costs contribute about 1 anéd @/kwh to overall system
LCOE, respectively. Moving to power block cost in Figure 2.8, using NaCl as a PCM
results in a lower power block cost because its higher meljinemperature leads to higher
power block e ciency (44% compared to 40%). However, this higer temperature also
reduces receiver e ciency, and the high operation temperate of NaCl means that more
expensive materials must be used for the receiver. Thus, ingdre 2.3(c), the primary
di erence in collection costs between the two materials ihat using Al-Si results in a much
lower receiver cost. Based on the sizes of the storage systgower block, receiver, and
heliostat eld, the two materials also have very similar opetion and maintenance (O&M)
costs. The nal result in Figure 2.3(b) shows that Al-Si resuk 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 meerial cost (72 $/kWh),
and because its melting temperature is relatively low (38C), choosing this PCM results
in low power block e ciency (33%). This leads to high power kick cost (1.4 $/W) and a

large (and high cost) receiver, storage system, and heliasteld. However, low operation
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Figure 2.3: Cost breakdown for select candidate PCMs: Al-Si, €& 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 mutdwer material cost, but
higher melting temperature and lower thermal conductivity This low thermal conductivity
leads to high heat exchanger cost, and the high temperaturesults in high tank and receiver
costs, though it does improve power block e ciency and thefere reduce power block cost.
In total, this results in a lower LCOE for Al-Si (7.0 g/kWh) compared to NaCl (8.0 g/lkwh).
The third material shown, Zn-Al, has a much higher material cds which is its primary
component of storage cost. In addition, its low melting temgrature allows for use of low
cost heat exchanger, tank, and receiver materials, but alteads to low power block e ciency
and therefore high power block costs.
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temperature also means that lower cost structural materialmay be used. Overall, choosing
Zn-Al as a PCM leads to the highest LCOE (10.2/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 propemis, but also on our assump-
tions for the rest of the system. The sensitivity of LCOE to tlese 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 masttractive materials for
further development in CSP systems. In this gure, materia are separated into temperature
ranges that correspond to the limitations of storage tank, émt exchanger, and receiver
materials: carbon steel up to 40, stainless steel up to 65, specialty containment
materials such as inconel or ceramics for higher temperaés; and a nal separation for
PCMs at very high temperatures (over 1,00@). The range of LCOE results for each material
are based on 1,000 simulations using the range of model inpgiven in Table Table 2.1.
Because we use a range of performance and cost inputs, thessuits give an estimate of
the range of possible LCOE values that may be achieved with ei®f each PCM, based on
potential developments in CSP technology. The middle lin@ieach box indicates the median
LCOE, while the bottom and top of the boxes represent the 85and 73" percentiles, and
the whiskers extend to the full extent of the range of our LCOEesults.

Considering di erences in LCOE results for materials with derent melting temperatures,
Figure 2.4 shows that the intermediate temperature range 008-650C results in the lowest
LCOE values. In this range, the system realizes a high comhitmon of power block and
receiver e ciencies, and is able to take advantage of a ordale structural materials. At
lower temperatures, the size of the storage system, recejvand eld must be very large to
compensate for low power block e ciency. At higher temperatres, transitioning to more
expensive materials for the storage tank, heat exchangemdareceiver is not worth the

increase in power block e ciency. However, these trade-o s£hd to only minor di erences
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Figure 2.4: LCOE results based on the top candidate PCMs in dademperature range
that we consider. The range of LCOE results for each materia¢ based on the range
of model inputs in Table Table 2.1. The middle line in each boxdicates the median
LCOE for the material, while the bottoms and tops of the boxesepresent the 28 and 73"
percentiles, and the whiskers extend to the full extent of #nrange of LCOE results. Green
boxes indicate materials with thermal conductivity over 10//mK (metals) and blue boxes
indicate materials with lower thermal conductivity (saltg. The even distribution of both
material classes shows that each has potential for future glpcation in CSP systems.
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in LCOE results. This means that a wide array of materials in iderent temperature ranges
have potential for successful development in CSP systems.

Figure 2.4 also shows that both material classes (metals inegn and salts in blue) could
be used in CSP systems with a competitive LCOE. Metals havedtadvantage of high thermal
conductivity, and some salts have exceptionally low matezi cost; the net result is that both
material classes still present opportunities for developent. Within metals, we nd that
alloys of aluminum, magnesium, and silicon result in the laygt LCOE. Within salts, the
best materials appear to be chlorides or uorides, which gerally have lower material cost
and/or higher energy density than other salts.

For additional insight into the relationship between PCM poperties and LCOE for real
materials, we consider Figure 2.5. Here, there is a generalridethat higher energy density
and lower material cost lead to lower LCOE. Also, similar to ifrigure 2.4, the best materials
appear to be aluminum, magnesium, and silicon metal alloysi@ chloride and uoride salts.
However, PCMs with a wide range of energy densities and mat&rcosts result in comparable
LCOEs, due to di erences in melting temperature and thermatonductivity that impact the
performance and cost of the rest of the system. This illusti@s the importance of considering
all material properties, including their in uence on the ful system design and cost. By doing
so, our holistic system model provides a valuable method foomparing and selecting PCMs

for CSP.
2.7 Inuence of heat exchanger design and other factors

The results given in Sections 2.5-2.6 are highly dependent the assumptions in our
model. We have made an e ort to tailor these assumptions towds performance and cost
targets that are expected to be met by the CSP community by 203 though signi cant
advancements in certain areas may shift the paradigm that weave presented.

As one example, our results depend greatly on development afah exchanger designs.
A simple shell-and-tube heat exchanger may have an area digngor surface area to volume

ratio), wx , of near 100-200 ffm 3, while \compact" heat exchangers are typically de ned
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Figure 2.5: LCOE results for candidate PCMs against their engy density and material cost.
While high energy density and low material cost generally ldao low LCOE, materials with

wide ranges of these properties produce very similar LCOEstdts 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 @nce on the overall system.
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as those with yx over 400 ni/m3, and bio-inspired heat exchangers have been designed
with yx as high as 10,000 Aim?3 (one of the highest ,x that has been observed in
nature is 17,500 i/m 2 for human lungs [79]). Porosities for heat exchangers typilly range
from 0.6-0.9, but high porosity values may be di cult to acheve for heat exchanger designs
with high 4x . Figure 2.6 shows the impact of this potential range of heat elanger
development on storage cost and LCOE of a CSP system using aamdidate PCM, NaCl.
Salts such as this one, due to their low thermal conductivityare particularly sensitive to
heat exchanger design because heat exchanger cost makes @pgai cant fraction of the
overall system cost. With NaCl as a PCM, a simple heat exchangdesign with a low
results in a high storage system cost because it uses a lot ddtarial (leading to high heat
exchanger cost) and displaces a large amount of volume (leagito 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 theagency of the power block
and receiver. However, development of advanced heat exchandesigns or creative ways to
increase e ective thermal conductivity of salt materials ould drastically reduce these costs.
Figure 2.6 shows that this would result in much lower storageost and LCOE that would
out-compete most metal materials, whose LCOE is much more aldy in uenced by heat
exchanger design.

As another example of the in uence of our assumptions on thelative LCOE of CSP
systems that use di erent PCMs, high temperature structurbmaterial development could
enable low cost receiver, containment, and heat exchangersigns at higher temperatures.
This would allow CSP systems to take advantage of higher powglock e ciency, and would
make higher temperature materials more attractive compadego those that we have presented
as the best materials thus far.

For a more complete sensitivity analysis, Figure 2.7 presenstandardized regression
coe cients [80] for the nine parameters that we varied in ouanalysis that have the strongest

in uence on LCOE. These coe cients represent the number oftandard deviations that
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Figure 2.6: In uence of heat exchanger design on (a) storagest and (b) LCOE for a CSP
system that uses NaCl as a PCM. Transitioning from a simple taneadvanced heat exchanger
design can signi cantly reduce storage cost and the resuig LCOE for a CSP system that
uses a salt material with low thermal conductivity.
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LCOE would change for a standard deviation increase in the spective input parameter.
Negative values mean that if the input parameter increaseshen LCOE decreases. From
top to bottom, these parameters are sorted by their averageagnitude across all materials
we simulated. This analysis reveals that the most importanassumption in our model is
the percentage of Carnot e ciency that the power block achiees,fpg. This power block
e ciency has a large in uence because it impacts the size, dntherefore cost, of all system
components. We also nd that the speci ¢ costs of the power btk, c- g, and the concentrator
eld, Giag, have a large in uence on LCOE because they make up signi caportions of
the overall cost. In addition, several aspects of the heat @xanger in uence LCOE strongly,
including the area density ( nx ), porosity (pux ), manufacturing cost factor Cyxmig ), and
material cost (CHxmat )- This is especially true for NaCl and other materials with lar thermal
conductivity. In these cases, the heat exchanger represerd larger portion of the overall
system cost, and more strongly impacts the temperatures amésulting e ciencies of the
power block and receiver. Compared to metals, the future pential success of salt materials

in CSP systems then more strongly depends on advancementhaat exchanger design.
2.8 Conclusion

In this paper, we have developed a new holistic system modéleoCSP plant with latent
heat storage. This model takes inputs of plant design, perfnoance assumptions, and cost
assumptions, then calculates LCOE based on PCM propertied/e 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, whicherealed the materials that
are most attractive for CSP development, and provided indng into the trade-o s between
di erent types of materials.

Our model involves several high-level assumptions, and thmesults depend on the spe-
ci ¢ system design. Thus, we completed sensitivity analysto determine the in uence of the
most important input parameters on the overall system LCOEWe also note that alternative

con gurations for the receiver, storage, and power block baystems could be considered. For
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example, storage could be located on top of the tower, whichould modify tower require-
ments and cost. Additionally, latent heat storage is best mahed to isothermal heat engines
(such as Stirling engines), though other power cycles thaperate with variable temperature
(steam Rankine, super-critical CQ Brayton) could employ a cascaded latent heat storage
system with multiple PCMs. These alternative designs wouldequire a modi ed system
model to evaluate the in uence of PCM properties on overallystem performance and cost.
This work shows the value of holistic system modeling whenlseting a PCM for a
CSP application. Several PCM properties (melting temperate, energy density, thermal
conductivity, and material cost) all in uence storage costbut importantly, also impact the
cost of other subsystems which can have an even stronger ience on the overall success
of the system. By considering these e ects, our model and tdts 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®*%¢ Christopher J Oshman®4® Michele L Olsen? Corey L Hardin2 Greg

C Glatzmaier3#° Nathan P Siegef4> Philip A Parilla, 3 David S Ginley? Eric S Toberef:®

In this paper, we established a new concept for a modular, gatchable solar power tower.
This concept was our answer to: \what is the best way to comb@latent heat storage with
CSP at a small scale?" This paper also provided a fairly comgiensive summary of my
performance modeling and techno-economic analysis of tlesncept.

The standard limitation of small scale power systems<(10 MW,) is low power block
e ciency: at our temperatures, we predicted 30% e ciency wih a Stirling engine compared
to the conventional 45% e ciency for a large steam Rankine ©fe. However, we found
that our design made up for this de ciency in a few ways. Firstthe optical e ciency
of our 0.76 MW, heliostat eld was 30% higher than large elds, due to lower asine and
attenuation losses. Next, by combining our receiver and the¥al storage tank into a single
unit, we e ectively eliminated an entire subsystem that tralitionally makes up 20% of
total system cost. Our valved thermosyphon design also erlatl dispatchability with passive
controls, which reduced operation and maintenance requinents. From these results, we
demonstrated the potential of our concept to match performrace and cost of large CSP, but
at a small scale, where it could be cost-competitive with @tnatives of PV with batteries

and natural gas combustion turbine plants (if we could buildt - see Chapters 4 and 5).

3Concept development
4Designed model
SPerformed calculations
SWrote paper
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3.1 Abstract

In this paper, we present performance simulations and tecbhyeconomic analysis of a
modular dispatchable solar power tower. Using a heliostat lé and power block three
orders of magnitude smaller than conventional solar poweowers, our unique con guration
locates thermal storage and a power block directly on a toweeceiver. To make the system
dispatchable, a valved thermosyphon controls heat ow frona latent heat thermal storage
tank to a Stirling engine. The modular design results in mimnal balance of system costs
and enables high deployment rates with a rapid realizationf @conomies of scale. In this
new analysis, we combine performance simulations with teatreconomic analysis to evaluate
levelized cost of electricity, and nd that the system has piential for cost-competitiveness

with natural gas peaking plants and alternative dispatchale renewables.
3.2 Background

The decreasing cost of wind turbines and photovoltaic pare(PV) is driving rapid de-
ployment of renewables on electric grids around the world. Mably, renewable electricity
in the United States is predicted to double from 2013 to 20401B 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 reing 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 gen&tors (e.g. nuclear, coal)
with just a small subset of generation coming from peaking per 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, 3% of annual electricity generation
from each additional unit of PV must be curtailed because lge non exible power sources
cannot decrease output. Thus, if renewables are to contingeowth, the current grid system

must change.
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Figure 3.1: (a) Daily peak solar PV output on the California Inlependent 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 progcted to drop in the middle of
the day, leading to overgeneration and high ramp rates. Hoyrinet 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 demd and installation of wind
and solar.
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The current most economic solution to the intermittency of enewables would be a reduc-
tion of existing base load generation and addition of natutagas 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 renewale resources to times of high elec-
tricity demand. Existing technologies include pumped hydrelectric (93.6% of current United
States grid storage capacity [82]), thermal (3.4%), electrchemical (2.4%), and compressed
air (0.5%) energy storage. However, these existing grid sage options account for only
2.1% of total electricity capacity in the United States, in catrast to the 43% from natural
gas plants [81, 82]. Further, the mature technologies in thigroup (pumped hydroelectric,
compressed air) have barriers to future growth; common chahges include low energy den-
sity, geological and environmental concerns, high instation cost, and slow manufacturing
learning curves [82{84]. This means that, in the pursuit of 400% renewable energy grid,
there is a tremendous opportunity for new, innovative eneygstorage technologies to grow
and make an impact on the future grid.

Emerging technologies that may provide grid exibility indude electrochemical batter-
ies, electrolyzers coupled to fuel cells, and thermal engrgtorage with concentrated solar
power. In 2016, electrochemical batteries represented.05% of grid capacity in the United
States[81, 82]. Several battery technologies are currgntleceiving signi cant investment,
and the United States Department of Energy aims to reduce lelmed 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 may applications, it may be
di cult to reduce capital costs from near 300 to below 150 $/kVh within the next few years
[15, 16, 86{89], with raw material costs that add up to over 1 $/kWh [15]. Similar to
electrochemical batteries, renewable electricity may b@gpled to electrolyzers that produce
chemical fuels that can later be used for electricity gendran by fuel cells. However, fuel
cell storage systems have levelized costs ranging from T8g&Wh [17, 90], and high capital

costs will have to be reduced in order to reach competitive iges.
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Signi cant e orts to develop thermal energy storage (TES) wth concentrated solar power
(CSP) are also underway. Fundamentally, thermal energy stage appears to be a low cost
method: current TES capital costs are 20-25 $/kWh, and the Unitd States Sunshot program
has set a target of 15 $/kWh by 2020 [18, 91]. These values ardlwelow the cost of battery
storage even after accounting for the e ciency of convertig heat to electricity. Integration
into CSP plants has already led to full system costs near th€®20 Sunshot goal of §/kWh
[92], and several pathways for further development have breproposed [22].

Current state-of-the-art CSP tower storage systems use nbe@h salt for sensible heat
storage. The next generation of this technology is being dedoped to operate at elevated
temperatures, using high temperature salts and a superdgal CO, power cycle to increase
power block e ciency [18, 22]. Alternatively, particle-ba®d storage and receivers have po-
tential to enable high power block temperatures with lower ast materials, and may use
particles both as a storage media and receiver heat transfeid [59, 93]. A third direction
that future CSP systems may move towards is in the use of phaskange materials (PCMs)
for latent heat thermal energy storage. This method has admtages of increased energy den-
sity, isothermal operation, and potential to reduce cost & 37, 39]. Some latent heat storage
designs use salt PCMs, and research e orts are working to imgwe their e ective thermal
conductivity with heat transfer enhancements [38, 43]. O#r designs use metal PCMs, which
have higher thermal performance, but require solutions tacrosion issues [28, 44, 94]. Both
salts and metals have been considered for encapsulationhiit hollow spheres [49, 95], and
many heat exchanger designs involve heat pipes [96]. Mosvel®pment of latent heat TES
has been limited to laboratories, but includes system-leMéemonstrations that include both
PCMs and heat pipes [25, 51, 97, 98]. Even more nascent, thechemical energy storage
also has the potential for low cost storage [99].

Successful advancements in CSP and TES could provide a s@atto the intermittency
of PV and wind and their subsequent need for complementary emyy storage. However, a

major challenge for existing CSP is that traditional desigs require plant sizes of over 100
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MW gectric tO reach high e ciency and low cost, which leads to initial caital investments
of over $1B [18, 100]. This makes it di cult to secure nancirg, and limits the technology
to utility-scale markets. In recent years, several compags (e.g. eSolar, Graphite Energy,
Vast Solar, Aora Solar) have developed creative designs trenploy smaller scale towers and
non-traditional receiver and storage systems. However, tteehas been limited commercial
success or development beyond initial pilot plants for thessmall systems. This means that
signi cant opportunities remain for new CSP system design® incorporate TES at a small
scale and low cost.

In this paper, we present new analysis of a CSP design that ¢dwact as a renewable
peaking plant with high modularity and low cost. Figure 3.2 sbws our proposed con gu-
ration with latent heat thermal energy storage and a power bkk integrated in the same
location on top of a small solar power tower. This con guratin leads to a compact de-
sign with minimal parasitic losses and operation and maintance requirements. We have
previously presented preliminary versions of this concefit01] with initial techno-economic
analysis [102] and subsystem thermal modeling [103]. In shpaper, we build upon these
e orts with a far more detailed model of performance and costWe begin by describing
the design choices and modeling that led to a re ned low-coslesign of this system. We
present thermal and techno-economic analysis that evalest the performance of the system.
We conclude that the system has the potential to produce remable dispatchable electricity
at prices comparable to natural gas peaking plants and alteative renewable dispatchable

technologies.
3.3 Design con guration

The design con guration that we consider for this analysissidepicted in Figure 3.2 and
is hereafter referred to as STEALS (Solar Thermal to Electrty via Advanced Latent heat
Storage).

A heliostat eld re ects sunlight onto a solar receiver thatis elevated by a steel truss

tower. The entire thermal system is located on top of the towe The receiver design is

57



a)

Stirling
ming Stirling

engine

Thermosyphon
thermal valve

Insulation—_|

Heat pipes< Thermal
storage

Cavity receiver

Heliostat eld

Figure 3.2: (a) The Solar Thermal to Electricity via Advanced latent heat Storage
(STEALS) design integrates latent heat thermal energy stoge, a thermal valve, and a
Stirling engine on top of a small scale solar power tower. (Wjeliostats re ect sunlight
through a cavity receiver to the bottom of a thermal storagedank that is lled with a phase
change material (PCM). Sodium heat pipes are embedded in tlCM, and extend verti-
cally from the receiver to the top of the storage tank to pasaely distribute heat through the
storage system. The top of the heat pipes interface with thev@porator of a thermosyphon-
based thermal valve. In this thermal valve, liquid sodium eporates, travels up through
vapor tubes (red arrows), and condenses on the heater headtld Stirling engine. Liquid
sodium then returns to the evaporator through a return funnke(blue arrows). To regulate
electricity output, opening or closing a valve throttles tle ow of sodium and controls the
heat ow from the storage to the power block. Here we consideystems ranging from 0.1
to 1 MW gectric » Which would involve multiple Stirling engines in parallelon a single tower.

58



an optical cavity with an aperture that allows concentratedsunlight to be incident on the
solar absorber (the bottom of the thermal energy storage (T& tank). To transfer heat
into and out of TES, sodium heat pipes are attached to the topfahe tank and extend
down through the phase change material (PCM) to the solar absber. These heat pipes
spread into a attened conical shape at the top and bottom oftte 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 stesses that occur during
thermal cycling. Here we use the aluminum-silicion (Al-Si) dactic alloy as a PCM because
of its melting temperature, high energy density, high ther@l conductivity, and low cost.
To protect stainless steel construction materials from corsion, all surfaces of the storage
tank and heat pipes that are exposed to PCM are coated with a reamic coating that
is deposited by a plasma-spray method [78]. Our initial lalatory testing demonstrates
that several ceramics (yttria-stabilized zirconia, magrea-stabilized zirconia, alumina) can
reliably prevent corrosion with Al-Si at temperatures aboves00 C. The storage tank is
insulated using a standard kaowool insulation material.

The key to dispatchability of this system is the ability to cantrol when heat ows from
the TES to the Stirling engine. Alternative to pumping a heat tansfer uid through the
TES tank, our method of controlling heat ow uses a valved thenosyphon ("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 asdhop surface of the TES tank).
It then travels to the Stirling engine at the top of the thermayphon because of the pressure
di erence created by evaporation. At the Stirling engine, he working uid condenses as it
releases its latent heat, and returns to the evaporator by gvity 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 abovehis shut-o valve, the working
uid ceases to transfer heat. This thermal valve design is &bto transfer high heat uxes

with very small temperature drops in the \on" state, and is hghly insulating in the "o "
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state [103].

By tightly integrating system components in the same locadn on top of the tower,
pathways for heat are very short which minimizes exergetiodses (both heat losses and
temperature drops) from the solar receiver to the power blec Tower-based storage with
passive heat transfer via heat pipes also eliminates the @b and operational costs of
piping and pumps that are required in conventional solar posv tower designs that locate
their energy storage and power block on the ground. The pebafor suspending much of
the system on top of the tower in our design is that structuratower cost increases because
of the large mass that must be supported. In our analysis, thisets a limit on the relevant
scale of this system to 1 MWecric , based on existing towers built for wind turbines (see
Supplementary Text).

The cavity receiver in this design minimizes radiative andanvective losses from the
solar absorber, and the aperture can be closed to minimizesige losses when not receiving
sunlight. Use of Al-Si as a storage material, with a melting teperature of 577 C, allows
use of stainless steel as a structural material, leading telatively inexpensive construction.
Higher temperature PCMs would give increased Stirling enggne ciency, but also increase
receiver and storage losses, and would potentially result higher containment material
cost. Stirling engines are attractive for this system becae they can achieve relatively high
e ciency at a small scale.

Cold start-ups occur in CSP plants when they are rst turned o, after extended periods
of low solar resource, or after downtime due to maintenanc&his is an important consider-
ation for most CSP designs that must use heat tracing to avoifteezing of a pumped heat
transfer uid, but is less critical for STEALS because heat pies are used. Sodium heat
pipes begin to become active at hot side temperatures near05@, which means that heat
transfer into the thermal storage tank will be slower duringnitial start-up until the bottom
of the storage tank reaches near-operational temperatur&his causes a slight e ciency loss,

but is a minor concern because with proper insulation the s¢sn remains above 500C 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 integed three di ferent soft-
ware packages. First, we developed an in-house MATLAB code tanael the time-dependent
thermal performance of a complete STEALS system throughout@aily cycle of operation.
This MATLAB code also used material and manufacturing cost faors to generate esti-
mates of subsystem costs. We ran an initial MATLAB simulatiorto nd the critical inputs
to run SolarPILOT,[104] a program developed by the National 8&ewable Energy Labora-
tory (NREL) that optimizes heliostat eld and receiver geoméries for solar thermal tower
systems. Optimization simulations in SolarPILOT yielded bkliostat eld e ciencies and re-
ceiver and tower geometries that we input back into the MATLA 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 @\).[105] The SAM sim-
ulation used the optical e ciencies generated by SolarPILD 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 erepossible scenarios, we
used the process above as we varied system size, power blodkrcy, and subsystem cost
inputs. For each scenario, we ran parametric studies on irlation thickness and number of

heat pipes to improve the TES system in terms of levelized ¢as electricity.
3.4.2 MATLAB model

The time-dependent MATLAB model we developed to analyze ouredign uses a numer-
ical nite-di erence method that discretizes all system comonents into nodes of thermal
masses that are connected via a thermal resistance networkhe nodes considered in the

model include the absorber, PCM, evaporator and condensertbe thermal valve, and the

61



power block. The full thermal resistance network that the mdel uses, and heat ow cal-
culations, are given in the Supplementary Figures 5-7 and Splpmentary Tables 2-4. Our
custom code is also given as Supplementary Information. Btode can be copied and pasted
into a MATLAB workspace in order to run a representative simwtion of a 400 kKWjectric
STEALS system with a 35% e cient Stirling engine as the power lock. In addition, a
comprehensive list of inputs to typical SolarPILOT and SAM snulations are given in the
Supplementary Tables 7-8, and can be used with each of theagblicly 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 callated, then assign material
properties to all system components. We also input initial red external conditions, includ-
ing the initial temperatures of each subsystem componentsavell 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 speeid as \on" or \o " at all times
of day. We then run a time-dependent simulation for a 24 hourycle, with time steps of 0.02
seconds.

Our MATLAB model calculates heat transfer rates throughout he system at a given
time step based on temperatures and thermal resistances Wween nodes that are in thermal
contact with each other. It then calculates temperatures athe next time step by apply-
ing energy balances to each node. To include phase changehaf thermal energy storage
material, the model uses an enthalpy-tracking method for Pi@ nodes (enthalpy results are
provided in Supplementary Figure 18), similar to the method sed by Kotze et al [44]. The
PCM nodes are de ned such that only heat transfer in the radiadirection from heat pipes
is considered; this model is conservative as it neglects weal heat transfer pathways that
would improve heat transfer, but was veri ed as a reasonabBssumption with nite element
analysis (Supplementary Figure 19). The e ective thermal stance of the vapor space in

the valved thermosyphon changes depending on whether thelwais in the \on" or \o "
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state, and the thermal resistance of the Stirling engine alschanges 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 nisied, the model calculates
performance results, including exergy ows (SupplementarFigure 20), daily thermal e -
ciencies, and design point thermal losses. These thermalkfpemance 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 materihand manufacturing
cost factors on a per-kg, per-f) or per-quantity basis to all system components. This yiekl
system-level capital cost values that can be used as inputy fSolarPILOT and SAM sim-
ulations. Material cost inputs come from current metal stdc exchange prices, quotes, and
manufacturer websites. Manufacturing and labor cost estiates assume mass production.
Stirling engine cost estimates are based on literature rew and discussions with Stirling en-
gine companies. Our tower cost model is given in Supplementdigures 8-14. Our operation
and maintenance cost model is given in Supplementary Figuré8s-17 and Supplementary

Table 6. A full list of cost factors is given in Supplementaryfable 5.
3.4.3 SolarPILOT

To optimize heliostat eld layout, tower height, and receier dimensions for each full sys-
tem simulation, we used SolarPILOT, a program developed byé¢ National Renewable En-
ergy Laboratory speci cally for this purpose [104]. We usethe default location of Daggett,
California for all simulations, and based heliostat geomst on the eSolar design [106] by
using mirrors that are 2.05 m wide and 1.1 m tall. We used a \ aplate"” receiver type with
an absorptivity and emissivity of 0.99 to represent the apairre of our cavity receiver [107].
Other key cost and thermal performance inputs came from our ATLAB simulations of
the system. All SolarPILOT inputs for a typical simulation can be found in Supplementary

Table 7.
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For a wide range of nominal power ratings and power block e eincies, 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 hbitgo within 0.1 meters to minimize
total plant cost. Because receiver elevation angle had a nmimpact on cost & 1% over our
full range of system sizes), we set its value to -35 degreasdibsubsequent simulations. From
initial parametric studies, we also found a general depenuse of optimal receiver size on
design point thermal power, and used a logarithmic t to inital data to set receiver size for
all subsequent simulations. These two simpli cations redied the number of free variables
in SolarPILOT simulations, leading to reduced computatiortime 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 eret system con guration.

Final outputs from SolarPILOT included the tower height, reeiver size, and optical
e ciencies required for MATLAB and SAM simulations. Supplematary Figure 21 also
provides results of a parametric study for a speci ¢ con guation with a design point thermal
power of 0.91 MW,ermar that considers e ciency and cost of non-optimal tower heigts and

receiver elevation angles.
3.4.4 System Advisor Model (SAM)

For nal evaluation of performance and cost of STEALS, we usethe "Generic CSP
model" of SAM (version 2016.3.14) [105]. We used Daggett, @atnia 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 simuléion. Cost inputs came
from either our MATLAB simulation or were based on Sunshot gda[18, 91]. We assumed a
plant lifetime of 25 years. Detailed input values for a typial SAM simulation can be found
in Supplementary Table 8.

SAM simulations gave ouputs of hourly electricity generatim heat transfer rates, sub-

system e ciencies, and costs. These nal results allowed us 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 outpdata from the \Daily
Renewables Watch" archive on the California Independent Siem Operator (CAISO) web-
site for each day from April 20, 2010 to September 30, 2016. Tergerate the data curves
from 2011 to 2016 in Figure 3.1(b), we compiled hourly solar dnvind data from the CAISO
website for seven days from March 1 to April 6 (March 1, 7, 13, 125, 31, and April 6)
from each year, such that each day of the week is included etdgmne time. We then ex-
trapolated from 2016 data with assumptions that total elegicity demand grows at a rate
of 1.28% [108], peak solar electricity generation grows atrate of 1.64 GW/year, and wind
electricity generation grows at a rate of 0.15 GW/year. Suppmentary 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 usinthe methods de-
scribed above for system-level modeling. To compare to othtechnologies, we used several
other sources of data. For natural gas, we used the Annual Tewlogy Baseline published
by the National Renewable Energy Laboratory [109], and adjtex the calculations for a 30%
capacity factor combustion turbine natural gas plant to vay 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 gure 3.6. For CSP, we
compiled data from the SolarPACES database [110] and fromtps://www.csp.guru [100] to
nd estimates of LCOE for plants that exist today, and added hese data points to Figure 3.6.
We also calculated the LCOE of a modi ed \On the Path to Sunshty [18] case to project
future cost of a conventional CSP system that is operated irhé 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 rddle of the day to reach a 30%
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capacity factor (which is below the Sunshot design of 66.7%gacity factor, and increases
cost relative to Sunshot goals). We then extended the CSP taange in Figure 3.6 down
to the modi ed Sunshot case of 10.5/kWh at a power block e ciency of 55% and a power
rating of 100 MWgiectric - FOr PV with batteries, we started with the default system malel
in SAM. We then considered a range of PV module costs from 0.805/W, PV balance
of system costs from 0.9 to 1.0 $/W, battery costs from 200-4CBkWh with replacements
after either 10 or 15 years, and battery balance of system t®$rom 0.4-0.7 $/W [111]. For
consistency with our STEALS and modi ed Sunshot CSP analysisve used the same nan-
cial parameters for all SAM simulations. Because PV and batties are scalable, we used
horizontal lines for LCOE values in Figure 3.6(b). All of the d#a points used to generate

the shapes used in Figure 3.6 are given in Supplementary Taldle.
3.5 Subsystem performance and cost

For each subsystem we consider here, results are based on la dystem that has a
nominal power rating of 200 kWiecric , @ 30% e cient Stirling engine, and 5 hours (3.3
MWh) of thermal energy storage. The system operates with a30% capacity factor as a
complement to PV. Performance and cost are evaluated usingetimethods described in the

Methods section.
3.5.1 Heliostat eld and solar receiver

In design of the heliostat eld and solar receiver for STEALSwe made several qualitative
decisions to address technical and economic challenges.aB®2 n? focused mirrors (based
on the eSolar design) minimize on-site construction costJ@]. A steel strut tower, similar to
ones used for wind turbines, high tension power lines and gite water towers, can provide the
support needed for a thermal storage tank and leverages dixig high-volume manufacturing
processes. For the small-scale STEALS design, and locationtihe northern hemisphere, a
primarily north-facing heliostat eld is most e cient because it minimizes cosine losses [112].

The orientation of a cavity receiver can be adjusted to match north-facing eld and gives

66



added bene ts of reduced convective and radiative lossesifn the receiver surface relative to
an external receiver. Finally, locating the receiver belowhe thermal storage tank enhances
the performance of heat pipes within the tank by providing @vity-assisted working uid

return, avoiding issues encountered by previous heat pipkdarmal storage systems [25].

(a)

Figure 3.3: (a) The heliostat eld for a 760 kWhermaw STEALS system uses 1000 nt 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 pointtical e ciency from 65.6 to
83.7% and reduces combined eld, tower, and receiver cost 69% (based on the thermal
power at the receiver).

Based on the qualitative design decisions above, and optiation in SolarPILOT, Fig-
ure 3.3(a) shows a reference case 765 kWhas STEALS solar eld. For scale, Figure 3.3(b)
also provides a comparison to the 545 MW,;mai \On the Path to Sunshot" solar eld design
[18, 113]. Because of its reduced size, the STEALS eld and texwexhibit a much higher
combined optical and receiver e ciency than conventional GP designs (83.7% for STEALS
compared to 65.6% for conventional designs, at design pqistaluated 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 &awost on a $/kWinerma basis.
In sum, the heliostat eld, tower, and receiver for STEALS cdsa total of 149 $/kW iermal

compared to the Sunshot target cost of 291 $/k\Wermai -
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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 EM) 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 denhsithermal cyclic stability, material
compatibility, and material cost are also critical to the oerall 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 (ipplementary Table 1) [36,
37, 39, 94], and down-selected to three candidates (K-Ca;@ll, and Al-Si). We then ran
full system simulations with these three materials, whichavealed that a system using Al-Si
resulted in the lowest overall system cost, primarily becae of its high energy density and
high thermal conductivity.

With Al-Si as the PCM, we ran parametric studies on size and spig of heat pipes
to obtain a thermal storage design that is compatible with tb solar insolation and heat
ow required by STEALS over a typical 24 hour cycle. In Figure 3l(a), it is clear that
solar energy is not available when net electricity demand isighest. To account for this
discrepancy, STEALS must store energy as shown in Figure 3.4(bResulting details of
phase and temperature throughout the PCM due to heat input anéxtraction are presented
in Figure 3.4(c) and Figure 3.4(d) , respectively. Following fgure 3.4 from bottom to top,
latent heat is stored in the PCM overnight, until early mornng discharge at 5 a.m. when
net demand begins to rise. The PCM completely solidi es dumng this discharge, and cools
as far as 11C below its melting temperature. Electricity generation sbps at 7 a.m., while
the PCM begins to receive solar thermal energy at 6 a.m. The RCmelts during the day,
reaching a fully melted state between 2 and 3 p.m. and heatirag high as 47 C above its
melting temperature. Evening dispatch begins at 3 p.m. whemet demand rises for a second
time, and continues until 10 p.m., after which some latent esrgy is stored in the liquid PCM

overnight, until the cycle repeats. As is typical with thermé storage systems, the thermal
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Figure 3.4: The STEALS thermal storage system time-shifts sl electricity production
while minimizing superheating and subcooling of the PCM tochieve high e ciency. Panel
(a) highlights the mismatch between solar resource (direabrmal irradiation from TMY data
in Daggett, California on March 30) and projected net elecitity demand (demand minus
generation from PV and wind in March 2020). (b) To overcome ik temporal mismatch, the
system requires four modes of operation. (i) Charging (red panel (a)) occurs during peak
solar resource in the middle of the day, while (ii) dischargg (green in panel (b)) occurs
in the morning and evenings. (iii) Some overlap of charginghd discharging occurs during
times of low solar resource when PV production is signi calyt lower than rated capacity.
(iv) Separate from these times, the system is in a standby medvernight to store energy for
morning dispatch. To consider spatial variations within tle PCM, panels (c) and (d) track
phase and temperature as a function of distance from each he#@e. Morning discharge
beginning at 5 a.m. leads to solidi cation of the liquid PCM ad additional cooling of the
solid PCM. Sunlight beginning at 6 a.m. contributes to this écharge and limits the cooling
to 11 C below the melting point. By 7 a.m., morning discharge is coptete. 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 4C above the melting point. Evening
discharge begins at 3 p.m., during which the PCM solidi es ahcools to a minimum PCM
temperature (at 10 p.m.) of 10C below the melting point. Overnight, the liquid outer regim
of PCM remains largely static, with minimal heat loss (98.6%nnual storage e ciency) and
highly uniform temperature.
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pro le remains constant in this overnight standby mode, andaninimal heat loss results in an
annual storage e ciency of 98.6%. Specic to STEALS, tempetare gradients are minimal
at all times because of the high thermal conductivity of Al-Siwhich leads to high exergetic
e ciency (Supplementary Figure 20). The system is able to tun on and o within minutes,

resulting in the potential to improve overall grid exiblity akin to spinning reserves.
3.5.3 Thermal Valve

We have published detailed modeling of the themosyphon theal valve separately [103]
and incorporated the results of this modeling into our full ystem 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. Both the high heat ow e ciency
and small temperature drop contribute to high exergetic e ¢gency. The temperature drop
is dominated by solid state conduction through the evaporat and condenser plates, which
contributes 80% of the 26C temperature drop.

In the \o " state, the temperature drop across the valved themosyphon is 525 C. Such
a large temperature drop is achieved by fully sequesteringe sodium working uid above
the mechanical valve to prevent liquid sodium from reachinthe evaporator. This leaves the
primary heat transfer paths as conduction through vapor tub 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 6 10*. Additionally, this
valved thermosyphon approach is attractive due to its simpl 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 sasystem performance
and cost should be considered preliminary. Several techali@dvances must be experimen-
tally demonstrated before our model is validated. Risks estifor each subsystem, and until

solutions to these risks are developed, our results repraséhe possible performace of an
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idealized future system rather than a mature existing tectology.

One risk is our assumed heliostat eld cost of 75 $/f This value is lower than costs of
existing plants (for example, the Ivanpah Solar Power Fadiy at 170 $/m?) [18] and current
heliostat manufacturer claims (Stellio, Vast Solar at 100/# 2) [114], and our assumption
relies on signi cant progress in heliostat development. Anlber risk is that our Al-Si PCM
has not been demonstrated for extended periods of time undée conditions that we model.
We assume that the material is stable with cycling, and has nthermal degradation or
segregation of individual elements over time. These e ectsave not appeared in other
experiments [44], though could develop over time. An additial risk for our thermal storage
system is the reliability of ceramic coatings. The coatingsould react with the PCM, fracture
during cycling (due to thermal gradients or volume change t¢itie PCM during phase change),
or otherwise allow the PCM to corrode containment materialsExtended life cycle tests are
necessary to prove that the system will not fail within 25 yes of operation. Finally, our
model of the thermosyphon thermal valve predicts a thermal @ency 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 unta@nty in our analysis methods.
For example, our MATLAB model uses a simplistic thermal resiance network and does not
have the accuracy of nite-element analysis. We assume matd properties to be constant
rather than temperature-dependent. Our cavity receiver dggn 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 poicting 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 nothe system has potential
for cost-competitiveness with alternative technologiesEven though these uncertainties are

present, they do not a ect the general conclusions of this par.
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3.6 System-level performance

To determine LCOE for STEALS and to make an even comparison tdtarnative tech-
nologies, we consider 1) an annual electricity productiortisedule that complements PV, 2)
subsystem contributions to overall cost, and 3) critical d@gn 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. Thresults in higher LCOE,
but also provides higher value electricity, because of the deld bene t of dispatchability.
For example, natural gas peaking plants that will be instadld on the grid in 2022 have a
projected LCOE of 10.5g/kWh, compared to baseload natural gas plants at 5.@/kWh
[115].

Figure 3.5 demonstrates seasonal variation in electricityr@duction from an annual SAM
simulation. With 5 hours of thermal energy storage, summer agtricity production reaches
about 10 hours per day during non-peak sunlight hours. Winteelectricity production is
lower than summer, but still averages near 5 hours of fulldal capacity per day. For locations
with high solar resource, this seasonal variation mirrorshanges in demand, which peaks in
the summer when cooling loads are high [116].

Figure 3.5 also shows that there are also speci ¢ days duringal season in which the solar
resource is particularly high or low, creating corresponag changes in electricity production.
On days of high solar resource, restricting dispatch in the indle of the day when storage
is full but the sun is still shining forces the system to de-faus heliostats to dump thermal
energy from the eld. This results in a 7% loss in total availele thermal energy on an
annual basis. During periods of low solar resource, the eggrstorage system does not fully

charge which results in a shorter duration of production athe end of the day. This is
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Figure 3.5: In annual modeling of STEALS, we restricted eledtity production to periods of
high net demand in the morning and early evening (totalling-81 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 outpu In our model of a system with
5 hours of storage, 80% of desired electricity production wannually achieved. Reliability
could be improved by increasing heliostat eld or thermal girage size, but would comes as
a tradeo with cost of these components; alternatively, réability could be achieved through
hybridization with an alternative fuel.
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an inherent limitation of CSP, and demonstrates the di erene between dispatchability and
rm supply of plants that can absolutely guarantee productbon throughout the year. To
reduce the number of low-production days, the size of the aol eld and the thermal storage
system may be expanded, but this would come at increased cosh practice, the relative
sizes of the solar eld, thermal storage, and power block lddo a the tradeo between cost
and reliability that can be customized for speci c applicabns. Another alternative is to
hybridize the system with an additional source of heat inpufe.g. biofuels, propane, natural
gas).

Total annual energy e ciency of STEALS includes subsystem eciencies of the heliostat
eld (71.2%), solar receiver (95.2%), thermal storage (%%), and thermal valve (99.6%).
We assume a Stirling engine e ciency of 30%, which includesapasitic power for engine
startup and heat rejection. This results in an 18.3% annualoar 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 pamtower 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 lirtation 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 aavity rather than external
receiver. In addition, STEALS nearly eliminates parasitic pwer requirements for engine
start-up, heat rejection, and pumped heat transfer uids, Wich 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 (Supplaentary Tables 5-6 and Sup-
plementary Figures 8-17 and 22-24) results are given in Figuset, and consider a range of

power block e ciencies, power block costs, and system size$his allows our analysis to
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be extended from Stirling engines to other power blocks thdtave di erent performance or

cost (Supplementary Table 9), which is useful because sealeother modular heat engines
are currently under development. We also note that the cosesults in Figure 3.6 are based
on large-scale production with low manufacturing cost, ancepresent 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 fromightly below current
Stirling engine performance to possible future performaacwith 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 paits result from a power
block cost of 1.77 $/W, based on a capital cost of 1 $/W and reptaments after 10 and 20
years. Over this range of power block e ciency and cost, the COE of STEALS is 8.1-12.8
o/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. Thiselads to fewer heliostats, less
PCM, and less mass held on top of the tower, all of which reducest.

Figure 3.6(a) also compares the LCOE of STEALS to other techragies: natural gas
combustion turbine plants, conventional CSP towers and trghs, and PV with batteries.
A detailed description of how we generated data points (whicwe then surrounded with
approximate shapes to give an idea of cost ranges) is giventire Methods section and
in Supplementary Table 10. For natural gas and PV with battees, we used established
cost models to evaluate each technology with a 30% capaciggctor under scenarios that
range from plants that exist today (darker shading) to futue projections of performance
and cost that may be achieved within the next few years (liget shading). For CSP, the
data points in Figure 3.6(a) are from existing plants with cagcity factor between 20-60%
[100, 110]. The bottom right corner of the CSP cost range regsents potential future costs
and comes from a model of a system that meets Sunshot goals mibperated with 30%

capacity factor (instead of the Sunshot goal of 67%) to reacin LCOE of 10.5g/kWh.
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Figure 3.6: STEALS has the potential to be cost-competitive wh 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 éhmethods described in the
Methods section and Supplementary Table 10. For each techHogy, we calculated LCOE
and then surrounded our calculated values with a general ¢asnge to give an idea of how
costs compare. Color gradients represent the transitiondim what could be built today (dark
colors) to what might exist in a few years (light colors).(a)fhe 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 & The high cost data
points assume 1.77 $/W, based on a capital cost of 1 $/W and reglements after 10 and 20
years. Both low and high data points correspond to a 400 kMV.ric System. (b) The LCOE
of STEALS is nearly independent of system size. This is due tbhé modularity of Stirling
engines as the power block. High and low LCOE curves are gertethwith Stirling engines
e ciencies of 23 and 35%, respectively. Stirling engine cos 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 mth 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 bance of system costs. In a more
broad comparison between the various technologies in FiguBes(a), we see that STEALS
has future potential to being cost-competitive with both reewable dispatchable technologies
and natural gas peaking plants.

In Figure 3.6(b), we examine the impact of system size on the IGE of STEALS. In this
gure, the lower STEALS LCOE curve corresponds to a Stirling mgine e ciency of 35%,
and the upper LCOE curve corresponds to a Stirling engine eiency of 23%. We nd an
optimum LCOE of 9.5g/kWh at a size of 400 kW,ecric , though we also observe LCOE to be
nearly independent of system size: there is just a 3% variati in LCOE over the full range
of 100 kKWjectric t0 1 MW giectric - This is due to the modular nature of the Stirling engine as
a power block, and the scalability of the thermal storage siem.

Figure 3.6(b) shows that STEALS has potential to be competite with natural gas
peaking plants and the future of CSP technology at a much sniat 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 callyedigned for small scale market
applications that are not available to conventional CSP. Hélof microgrids in the United
States require less than 1 MWecric [23], and a large CSP plant would be under-utilized and
excessively costly for these applications. 2) Small scalesults in low capital cost (in the
range of $300k for a 100 KWecwric STEALS system), which makes crowd-sourced community-
based solar farms or other funding options attainable. 3) kocapital cost reduces the risk of
nancing new projects compared to the billions of dollars ofapital required for conventional
CSP. Finally, 4) rapid technology progress and 5) rapid reakation of economies of scale are

possible through higher throughput manufacturing of smaiblants.
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3.7 Conclusion

There are many ongoing e orts to reduce cost and/or increaske value of electricity from
CSP. These include increasing temperature to improve e cieey, lowering cost through use of
new materials, and using the thermal storage system for migte grid services, among others.
The technology herein, STEALS, proposes to compete with paal 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 s scale tower results in
high optical and thermal e ciency to balance the lower convesion e ciency of a Stirling
engine. It also leads to low balance of system costs and akofor passive heat transfer
that reduces operation and maintenance requirements. Thesign is capable of scaling up
or down in size (10-1,000 kWectric ) with minimal design changes, and incorporates a novel
thermosyphon-based thermal valve to make the system disgatble.

Building on our preliminary development of this concept, tis new detailed analysis shows
that the system has a possibility of low capital cost, as wedls low O&M cost, making this
design appealing for further development. Additional expenental investigation is required
to validate the performance and cost results of our model, dradvances in heliostats (cost re-
duction) and Stirling engines (reliability and cost redudbn) are necessary to allow STEALS
to reach the performance and cost values that we present heihile our results represent
an idealized future system, we are optimistic that with futbse work STEALS may become
cost-competitive with natural gas peaking plants, the exmed future of CSP, and of PV
with batteries. Large arrays of STEALS plants could be instééd as a complement to PV
and wind for grid-scale storage, or individual STEALS plantgould provide electricity for
remote locations or microgrids. With the addition of STEALS ito the generation mix, the
technology could help enable deeper penetration of renewalklectricity from wind and PV,

and could accelerate progress in the pursuit of a 100% rendeaelectricity 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!:®%10:11 Christopher J Oshman’&° Abhishek Singh®°® Je Alleman,?
Philip A Parilla, ”*® Corey L Hardin,”® Michele L Olsen!® Nathan P Siegel’ David S
Ginley,” Eric S Toberer!

This paper presents the design and experimental results ofirorst prototype. Here,
our primary goal was to prove that our concept could functiorat all in practice, and that
our overall system design was feasible. Our results demaaséd just what we intended.
(1) Small temperatures gradients within the PCM illustratel the value of Al-Si as a PCM
for its high thermal conductivity. (2) We showed e ective orlo control with the valved
thermosyphon when integrated into a full system. (3) We intgrated subsystems together
with minimal exergetic losses.

These results showed that our design was physically possilbbd build, and demonstrated
strong performance in the thermal storage and heat exchamggubsystems. However, the
primary limitation of this prototype was low thermal-to-electric conversion e ciency of the
thermoelectic generators. Also, our heaters were under-sizso each \simulated day" took
about 72 hours, leading to lower than desired thermal e cieay. In summary, this prototype
provided positive feedback on our thermal storage systemgign, but also identi ed a few

ways that we could improve our second prototype (see Chaptsj.

“Concept development

8Design and construction of prototype and test system
9Performed experiments

0Data analysis

Wrote paper
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4.1 Abstract

In this work, we present the design, construction, and expienental results of a proto-
type latent heat thermal energy storage system. The protope consists of a thermal storage
tank with 100 kg of the aluminum-silicon eutectic as a phasdnange material, a valved ther-
mosyphon that controls heat ow from the thermal storage tak to the power block, and
thermoelectric generators for conversion of heat to elewdity. We tested the prototype over
four simulated days, where each day consisted of four phasdsoperation: charging, dis-
charging, simultaneous charging and discharging, and séme. Our results show three major
conclusions. First, the thermal energy storage system waslalio receive and distribute
heat with small temperature gradients - less than & throughout the thermal storage tank.
Second, the valved thermosyphon was able to e ectively conl 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-despéd subsystems together, providing

a proof-of-concept of this system.
4.2 Introduction

Energy storage is likely to play a prominent role in future €ctric grids that will generate
a signi cant portion of their supply from renewable sourcesBy compensating for the vari-
ability of generation from photovoltaics and wind power, egrgy storage can reduce the cost
of grid operation and resolve the ine ciencies of turning geerators on and o [11]. In doing
S0, energy storage may also create the added bene t of rechgricarbon emissions from the
electricity sector.

Of the potential options for energy storage, thermal energstorage (TES) combined with
concentrated solar power (CSP) appears to be one of the lowvesst solutions. Current costs

for TES are 20-25 $/kWh, and many pathways are being investiged that have potential to
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reduce cost to 15 $/kWh [18]. This cost becomes larger when teeiency of converting heat
to electricity is considered, but still outperforms the maslikely alternative technology to
provide grid-scale energy storage: electrochemical bates. Battery costs are 300 $/kWh
today, and are likely to remain above 150 $/kWh based both on perience rates [16] and
on limits of material costs [15].

Sensible heat storage with molten salt as a storage material the state-of-the-art for
TES with CSP, and has been implemented in commercial planthat are operating today,
such as the 110 MW Crescent Dunes plant in Tonopah, Nevada. Bhtechnology takes
advantage of inexpensive materials and mature processest s 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 estage materials and new
components throughout the system that are compatible withigh temperatures.

Latent heat storage (LHS) is a potential alternative that canachieve higher energy den-
sities than sensible heat storage and can operate nearlytisrmally, which is appealing for
both cost reduction and for high power block e ciency. No comrarcial CSP plants currently
use LHS, but signi cant research-level progress been madelinth phase change materials
(PCMs) and heat transfer designs for LHS systems. Within matels development, both
salts and metal alloys have received attention [36{39]. Salcan be low cost materials, but
have low thermal conductivity, which increases the cost ofdat exchangers and has encour-
aged research on thermal conductivity enhancements [38,, 34{43]. Metals solve this issue
because they have high thermal conductivity, but are very cmsive, and no systems have
been demonstrated as stable for extended periods of time. Wi heat transfer design de-
velopment, di culty is presented by the solid-liquid phasechange, but several solutions have
been experimentally explored: traditional heat exchangemwith pumped uids [44{46], en-
capsulated PCMs [48, 49], pool boilers [50, 51], and heat e§[24, 25, 27, 28, 53{56, 118].
The rst two of these approaches are actively driven systemshereas pool boilers and heat

pipes are passive. Here we focus on the latter, because thegid\parasitic power usage and
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reduce maintenance requirements.

A comprehensive review of the combination of heat pipes wilbHS is provided by [24].
This review shows that the rst experimental endeavors for ambining solar power, high
temperature heat pipes, and latent heat storage were comgdd for space applications.
These e orts included salt PCMs with melting temperatures rom 766-980C, heat pipes
with sodium and potassium as heat transfer uids, and organiRankine, Brayton, and Stir-
ling engines for the power block [53{56, 118]. Notably, the tlanal Aerospace Laboratory in
Japan demonstrated a system e ciency of 20% using LiF as a PCMpdium heat pipes, and
a Stirling engine [56]. Since the review provided by [24],v&zal 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 artestrial parabolic dish solar
concentrator. They demonstrated some initial success, bekperienced dry-out issues with
their heat pipe design [25]. Sandia National Laboratoriessl investigated latent heat stor-
age with Dish Stirling [27, 28]. They found potential for cdscompetitiveness, but required
further work on exible high temperature heat transfer pips and material compatibility
between their Cu-Mg-Si PCM and containment materials.

In the designs mentioned above, heat pipes were useful foethvery 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 advancev@allowed heat pipes to be more
controllable, with designs such as variable conductancedigipes, pressure controlled heat
pipes, and diode heat pipes, among others [119]. In previowsrk, we also demonstrated
a valved thermosyphon that could control the ow of the intenal heat transfer uid and
thereby act as a \thermal valve" [103, 120].

Building upon the progress in latent heat storage and heat pés discussed above, we
developed and investigated a concept called Solar ThermdkEtricity via Advanced Latent
heat Storage (STEALS) [73, 101, 102, 117, 121, 122]. This ceptis depicted in Figure 4.1.

In an e ort to overcome previous issues encountered when agrating 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 phaseaige 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 hggbes and thermosyphons.
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with a dish concentrator, STEALS locates its thermal storagen 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 EM by heat pipes within the
thermal storage tank. Above the PCM is a valved thermosyphormwhich acts as a \thermal
valve" between the thermal storage tank and the power blockThis valved thermosyphon
allows complete de-coupling of sunlight collection and pewproduction, unlike other storage
systems that keep running after the sun goes down but are nobla to turn on and o on
demand. The STEALS design is attractive because it has low gpéion and maintenance
requirements, and our techno-economic analysis has dentoaited that it has the potential
for low cost, dispatchable electricity generation at a modar scale & 1 MW) [73].

In this paper, we present the design and construction proce®f a prototype of the
STEALS system, and give experimental results from 4 conseout simulated days of opera-
tion. Heat was input from a resistive heater, delivered to anlaminum-silicon phase change
material by sodium heat pipes, and controllably dispatchetty a valved thermosyphon to
thermoelectric generators which converted the heat to eleicity. Our results provide a
proof-of-concept of the STEALS technology: the thermal stage system was able to receive
and distribute heat with small temperature gradients, the alved thermosyphon was able
to e ectively control heat transfer, and we observed smallemperature drops at interfaces

between subsystems.
4.3 Prototype design and construction

Our prototype design involves a thermal storage tank with IMkg of aluminume-silicon al-
loy and sodium heat pipes for even heat distribution. This termal storage tank is connected
to a valved thermosyphon for heat ow control, and thermoelgtric generators (TEGSs) for
conversion of heat to electricity. Figure 4.2 shows the comfaus-aided design of the prototype
within our experimental test chamber. In the following sedbn, we describe each subsystem
of the prototype in detail: the thermal storage system, vakd thermosyphon, TEGs, and

heat exchanger. We then explain our construction process fiategrating these subsystems
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together into the nal prototype.

Figure 4.2: Computer-aided design of the STEALS prototype antst chamber. The proto-

type thermal storage tank is 16 inches in diameter and heighand is lled with 100 kg of the

aluminum-silicon eutectic as a phase change material. Thardneat pipes extend down from
the top of the thermal storage tank and spread into a conicahape at the top and bottom for

increased area for heat transfer. Above the thermal storagark is a valved thermosyphon,
which is used to control heat ow from the PCM to thermoelectic generators (TEGSs). The
TEGs are used to convert heat to electricity in this prototyg, but also provide a thermal
resistance that may represent alternative heat engines thaould be used. Within the heat

pipes and valved thermosyphon, red arrows represent sodiuwrapor ow and blue arrows

represent liquid sodium ow.

4.3.1 Thermal storage system

Our prototype thermal storage system is based on the STEALS rcept and includes a
storage tank, PCM, and heat pipes. To maximize the size of theystem within laboratory
constraints, we designed the storage tank to have a diametand height of 16 inches. Because

of its high energy density, high thermal conductivity, and dw cost, and based on previous

86



techno-economic analysis of our full system [73], we setgttthe aluminum-silicon eutectic
alloy (88% aluminum, 12% silicon) as our PCM. We used the 40&luminum alloy (11-
13% silicon) because it was inexpensive and readily availabn the form of welding rod,
which we could easily cut into small pieces before adding taostorage tank. Our own
di erential scanning calorimetry experiments on this allg (Figure 4.3) showed its reliability
with melt/freeze cycling and determined its heat of fusiond be near 470 J/g, which is within
the range of published values for eutectic aluminum-silioo(462-560 J/g) [36, 44, 123, 124].
Based on the size of the storage tank, we used 100 kg (0.379 af PCM to reach a capacity
of 13 kWh of thermal energy storage.

Figure 4.3: Di erential scanning calorimetry data collectd over 50 melt/freeze cycles of the
4047 aluminum alloy (11-13% silicon) used as the PCM for thpsototype. The phase change
temperatures of 563C and 582C for melting and freezing, respectively, are near the phase
change temperature of 57T for the aluminum-silicon eutectic (12% silicon) establiged in
the literature. This data also indicates the heat of fusionfahis alloy stabilizes near 470 J/g
after cycling.
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Rather than using a pumped uid for transferring heat into a out of the PCM, we
selected a more passive method of heat transfer using hegbgs. In previous modeling, we
determined that the optimal spacing of heat pipes to minimiz cost of a full scale STEALS
system was 13-22 inches [73]. Applied to our prototype scathis would result in a design
with only one heat pipe. However, to add redundancy and to moraccurately mimic the
assembly process of a full scale system, our prototype desiged three heat pipes arranged
symmetrically within the thermal storage tank. The heat pigs were attached to the top
of the storage tank and extended down into the PCM, as shown iRigure 4.2 . Because
the heat pipes were not connected to the bottom of the thermatorage tank, they were
allowed some movement during cycling which reduced the risk mechanical failure due
to thermal expansion. Attachment to the top of the tank also Howed the heat pipes and
thermal storage tank to be coated individually with a protetive ceramic coating, before the
heat pipes were placed inside of the tank. The bottom of the &epipes was 1/4" from the
bottom of the thermal storage tank, leaving a small gap that as later lled by PCM. The
heat pipes spread into a conical shape at the bottom of the tkrto increase surface area
for improved heat transfer from the absorber surface, and #te top of the tank to increase
surface area for heat transfer to the valved thermosyphon. hBtographs of the heat pipes
used for this prototype are shown in Figure 4.4; they were 16dnes long overall, had a
diameter of 1 inch in the middle section (the straight tube legth was 12 inches long), and
increased to a diameter of 6.2 inches at the largest sectiohtlbe conical end pieces.

The materials we selected for the thermal storage system wea critical component of
the design. To match the operation temperature of the alumume-silicon PCM (melting
temperature of 577C), we selected sodium as the working uid for the heat piped25].
Both the heat pipes and thermal storage tank were construaeof 304 stainless steel, and
two layers of #100 mesh (316 stainless steel) lined the ingidf the heat pipes to improve
sodium distribution and provide nucleation sites for evapation. We had both the exterior

of the heat pipes and interior of the storage tank (all surfas that would be exposed to PCM)
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Figure 4.4: Heat pipe design and construction process. (a) Weshlded the outer shell of
the heat pipes together in-house before coating with (b) agdma-sprayed ceramic coating
(magnesia-stabilized zirconia, Metco 210NS-1). (c) After ating, we welded the heat pipes
to the evaporator of valved thermosyphon. The heat pipes werl6 inches long overall, had
a diameter of 1 inch in the middle section (the straight tubedngth was 12 inches long), and
increased to a diameter of 6.2 inches at the end.

89



coated with a plasma-sprayed ceramic coating to prevent cosion between the steel and
the PCM. For this coating, we selected a high density magnesstabilized zirconia material
(Metco 210NS-1). A nickel-chromium-aluminum bond coat (030.04" thick) was deposited
on the surface of the steel parts, then the ceramic coating.Q12-0.015" thick) was deposited
by several passes of a robotic spray gun over the surface as gfart rotated on a turntable.
Previous corrosion tests with this coating showed stabilitwith the PCM in a molten state for
>1000 hours (no visual change before and after exposure ofthbating on a 3/8" diameter
stainless steel rod in molten Al-Si at a temperature of 65G), but the coating was unproven

on the speci c geometry and exact thermal cycling conditiaof this prototype.
4.3.2 Valved thermosyphon

The key to heat ow control in the STEALS design is the valved tlermosyphon. The
valved thermosyphon allows the system to turn power on and aegardless of when sunlight
is collected, making STEALS fully dispatchable. Rather thapumping a heat transfer uid
through a heat exchanger to extract thermal energy from the ®M, this design regulates
heat ow by a more passive method shown by the arrows in Figure2d Liquid sodium on
the evaporator plate evaporates from heat input at the intdace with the thermal storage
tank. It then travels through the three vapor tubes and condeses on the top interior
surface (condenser) that interfaces with the power block. Ehliquid sodium is collected
by a funnel and directed through a liquid return tube to travé 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, blddng sodium from returning to the
evaporator and preventing the sodium cycle from continuingWe previously modeled [103]
and experimentally validated [120] this design, though tkiprototype is our rst attempt to
integrate this valved thermosyphon with a thermal storageystem and power generation.

Our prototype valved thermosyphon (Figure 4.5) was constriied of 304 stainless steel,
and like the heat pipes, used sodium as a working uid. Threeayers of #100 stainless

steel mesh were tack-welded to the evaporator surface to encage sodium to spread evenly
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Figure 4.5: The valved thermosyphon is the key to heat ow conbl in the STEALS design.
(a) Interior view of the valved thermosyphon evaporator spae, showing three symmetric va-
por tubes and one liquid return tube in the middle. (b) Interor view of valved thermosyphon
condenser space, showing three vapor tubes that extend irttee 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 fom the PCM to the power
block, sodium evaporates at the evaporator plate, travelspward through the three vapor
tubes, and condenses at the condenser plate. Liquid sodiumdollected 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, caging sodium to collect above
the valve and preventing the cycle from continuing.
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across the surface and provide nucleation sites for sodiumaporation. The valve in the
liquid return tube was an o -the-shelf component (Swagelokart number SS-12UW-TW-
HT) made of stainless steel. The overall height of the valvedhérmosyphon was 14.3 inches.
The overall diameter was 16 inches. The vapor tubes had a diatar of 1 inch, located
4 inches from the center of the valved thermosyphon. The liglireturn tube also had a

diameter of 1 inch.
4.3.3 Thermoelectric generators and heat exchanger

In this prototype, we used thermoelectric generators (TEGsas the power block for
conversion of heat to electricity. TEGs are solid-state héangines 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, becautieey have no moving parts, TEGs
inherently require very little maintenance, which is attrative for applications in space or
other remote locations. Signi cant improvements have ready been made in laboratories
[130], though TEGSs are largely unproven for commercial apphtions at high temperatures.
To obtain TEGs for this prototype demonstration, we partneed with Marlow Industries who
provided us with custom modules that could operate with a hoside temperature of near
600 C.

We arranged 14 TEGs on top of the condenser plate of the valvétermosyphon, as shown
in Figure 4.6(a). All 14 TEGs had a ByTe; module on the cold side. On the hot side, 5 of
these were cascaded with a high temperature skutterudite mole, 2 were cascaded with a
non-functional skutterudite module, and 7 used an insulain dummy. The cascaded TEGs
used a 4-terminal con guration. The insulation dummies wer two layers of 1/16" thick
alumina-silica ber insulation sheets, and were meant to mmic the thermal resistance of the
active skutterudite TEG modules which were limited in avaability. For the skutterudite
TEG modules, we placed a 1/16" thick sheet of graphoil betwaghe TEG and the condenser
of the valved thermosyphon for improved thermal contact. &iilarly, we used a thermal paste

(Techspray 1977-DP) between the skutterudite and Bies modules, and between the Biles
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Figure 4.6: The prototype TEG array consisted of 14 TEGs, eaobf which used a BjTe;
TEG module on the cold side. (a) Five of these TEGs (humbers 212,12, and 14) were
cascaded with a high temperature skutterudite module on thieot side. For the other TEGs,
we used either non-functional skutterudite TEGs (humbers 8nd 13) or insulation (humbers
1,3,4,5,6,9, and 10) to simulate the thermal resistance dfa skutterudite TEGs. (b) The
cascaded TEGs used a skutterudite TEG module on the hot sidecda Bi,Te; TEG module
on the cold side, with a thermal paste (Techspray 1977-DP) tveeen the two TEG modules.
(c) We clamped each TEG to a pressure of 15 psi using four compsion springs and a
clamping plate that pressed a copper-water heat exchangétEX) directly into contact with
the cold side of the BjTe; 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 (TG, and TC,y, respectively).
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modules and the cold side heat exchangers. The overall disems 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 thapplied a pressure of
15 psi to the stack of TEGs, heat exchanger, insulation, andaenping plate (Figure 4.6(c)).
Each of the 14 copper-water heat exchangers had an inlet witbw perpendicular to the
TEG at one corner and a serpentine ow path for water to reachhe outlet at the other
corner. Each TEG was also individually instrumented with hband cold side temperature
measurements, and wiring for current and voltage measurente This allowed for perfor-

mance evaluation of each TEG independently, in addition tohte 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 piecesX@" diameter, 4" tall deep
drawn cup and a 16" diameter, 8" tall rolled cylinder) weldedogether to reach the nal
dimensions of 16" diameter and 16" height. To construct thedat pipes, we rst had the
conical shapes at the ends of the heat pipes formed by metairspng. We then inserted
two layers of #100 stainless steel mesh into the straight tuand the cone at the heat pipe
evaporator before welding the parts together into the shapghown in Figure 4.4(a). We
then sent the thermal storage tank and heat pipes to a coatingpmpany (Oerlikon Metco)
to deposit the magnesia-stabilized-zirconia coating (MPNS-1) on the surfaces that would
be exposed to PCM.

The next step in our construction process was to form and wetdgether the top com-
ponents of the valved thermosyphon. Then, once they were ted, we welded the heat
pipes to the evaporator plate of the valved thermosyphon (Fige 4.4(c)), tack welded #100
stainless steel mesh on the interior surface of the valvedettmosyphon evaporator plate,
and welded this evaporator plate to the rest of the valved thhenosyphon. With the shell
of the heat pipe/valved thermosyphon assembly complete, viken prepared the interior of

these components. We cleaned all surfaces with hot water asdap, rinsed with a series of
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Figure 4.7: Prototype construction process. After (a) placm the prototype into the test
chamber, we (b) lled the interior spaces of the valved thermsyphon halfway and (c) com-
pletely with loose Il insulation, and (d) surrounded both the valved thermosyphon and
PCM tank with guard heaters.

solvents (acetone, isopropyl alcohol, methanol, and wajerand passivated the evaporator
surface with a 30% nitric acid solution [125]. We then added ppoximately 80 g of sodium
to each heat pipe and 120 g of sodium to the valved thermosyphoWe lled sodium one
at a time by evacuating each component, melting sodium, andjecting it in with a custom
apparatus [122].

After moving the prototype into our test chamber, we added PCMo 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 spaes of the valved thermosyphon
with loose Il insulation (Figure 4.7(b-c)) and arranged guad heaters and radiation shields
around both the thermal storage tank and valved thermosyphmo

With the prototype in position, we performed an initial systen heat-up to melt the PCM,
then added more PCM into the storage tank, and repeated two m® times until the tank
was lled with 100 kg of PCM. During these initial heat-ups, ve ran diagnostic tests on our

safety and control systems, and obtained initial experiméal results [117]. We also de-gassed
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the heat pipes and valved thermosyphon, by pulling vacuum oeach component while at
operating temperature, to remove impurities and non-condsable gases. Before running
the nal experiment to obtain the results we present here, wadded more sodium so that
approximately 180 g of sodium were inside the heat pipes an@8g of sodium were inside

the valved thermosyphon.
4.4 Experimental design and analysis methods

Here we describe our test chamber and heaters, measuremerdteym, experimental de-

sign, and data analysis methods.
4.4.1 Test chamber and heaters

To test the performance of our prototype, we ran experiments a vacuum chamber,
primarily for safety concerns in the event of sodium leaksdm failure of the heat pipes
or valved thermosyphon. The interior dimensions of this cimaber were 36"wide x 36"long
x 48"tall, leaving space for the prototype, heaters, radi@n shields, and water and wire
feedthroughs. Before heating up the system to run experimsnwe evacuated the chamber
to 100 mTorr using two Edwards E2M28 rotary vane di usion purps, then to below 10
mTorr using a Brooks CT-8 on-board cryogenic pump.

The thermal storage tank was supported by a steel stand with286 of the area directly
underneath the tank cut out by water-jetting (Supplementay Figure S1). We placed a
resistive heater (Thermcraft PH-C-12.50D) beneath this tak stand, with a 1/2" space
between the heater and the bottom of the tank, to simulate radtive heat input from the
sun. We painted the heater and the bottom of the tank with Pyranark 2500 paint to increase
emissivity and subsequent heat transfer from the heater tdé thermal storage tank.

One concern we had in designing this experiment was that besg of its small scale,
this prototype has a higher surface area to volume ratio thamn commercial scale system
would have. To replicate the modeled thermal loss of a 200 kWsiem, 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 peacal 0.1 m of insulation
on the prototype would result in a storage e ciency of 74%, wh heat losses from the sides
of the tank 25 times higher than would occur on a commercialae system (see calculations
in Supplementary Information).

To overcome this di culty, and make the prototype behave moe closely to how a larger
scale system would, we placed resistive guard heaters ardutme thermal storage tank
(Thermcraft VFR-180-18-14-V-S) and the valved thermosyphonThermcraft VFR-180-18-
13.7-V-S). We planned to control the temperatures of the gudrheaters to be slightly below
the temperatures on the outside of the thermal storage tanknd valved thermosyphon, and
thereby simulate di erent amounts of insulation to represet di erent designs that could
exist for future larger scale systems. However, early on inmoexperiment, we measured the
temperature of the top of the PCM guard heater to be hotter tha 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 wold not be representative of op-
eration of a real system, we shut o the PCM guard heaters aftanitial heat-up. Similarly,
because of the temperature gradient between the evaporatand condenser of the valved
thermosyphon, we found that the valve guard heaters were putg 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 exgriment, both sets of guard
heaters simply acted as passive insulation, which led to highermal losses and reduced e -
ciency relative to a full scale commercial system. In Secati@.5.2, the e ect of turning o the
guard heater around the valved thermosyphon can be seen in &ig 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 testystem, we built a Lab-

View program to read data from an array of 105 thermocouples. IAthermocouples were
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type K, with some exposed junction and some ungrounded shkatl thermocouples. These
thermocouples were connected to NI 9213 thermocouple moduie a National Instruments
CompactDAQ chassis which directed measurements to a degktcomputer for data storage.
To measure electrical power output from the TEGs, we used apate LabView mea-
surement system that read current and voltage data from an d@ividual TEG at a time, and
continuously switched between the array of 19 TEGs (14 Bie; TEGs and 5 skutterudite
TEGs). This system used Keithley multimeters, a low-currenmultiplexer for voltage, a
high-current multiplexer for current, and a National Instruments CompactDAQ chassis with
NI 9207 modules for current and voltage measurement. We meest both current and volt-
age output from a single TEG at a time, and used the multiplexs to switch measurement
from one TEG to the next. For the high temperature skutterudie TEG modules, we swept
voltage from -0.8 to 1.3 and back to -0.8 V with steps of 0.3 V. Fdhe low temperature
Bi,Tez TEG modules, we swept voltage from -2.2 to 4.1 and back to -22with steps of 0.9
V. Each voltage sweep took about one minute, so each module wasasured once every 20
minutes for the duration of the experiment. To convert curret (1) 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 ohe individual TEG module

at that time.
4.4.3 Experimental design

Our primary goal in this experiment was to expose the protofye to conditions similar
to those that would be experienced in commercial operatioand 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 recedvel distribute heat with small
temperature gradients, (2) if the valved thermosyphon codle ectively control heat ow,
and (3) if interfaces between subsystems would lead to sigraint temperature drops or
other losses. To test the performance of our prototype based these metrics, we ran an

experiment of four simulated days. We de ned the beginningf@ simulated day as the time
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at which the PCM was completely solid and at a temperature ofé® 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 themal

storage tank. This represents solar heat input during the ga

Simultaneous electricity production while charging. With the primary heaer still
on, we opened the valved thermosyphon to transfer heat to thEEGs for electricity
production. This represents electricity generation at thend of the day while the sun

is still shining.

Discharging from stored energy. We turned the primary heater o and left he valved
thermosyphon open to transfer the latent heat of the PCM to te TEGs for electricity

production. This represents electricity production at niggt when the sun is not shining.

Storage . At the end of discharge, we closed the valved thermosyphomdleft the
primary heater o so the only heat ows were losses from the stage system. This
represents an overnight period when electricity demand isw, before the sun starts

shining to repeat the cycle.

During the simultaneous phase, we found that the heat transfred out of the PCM
(including useful heat transferred to the TEGs as well as less to the sides of the storage
tank and valved thermosyphon) was higher than the heat inpub the PCM from the primary
heater. Because of this net heat ux out of the PCM, some of theCM solidi ed. We then
added an additional re-heating phase between the simultames and discharging phases, so
that at the beginning of discharge, all of the PCM would be ligid. This meant that our
experiment had two distinct periods of electricity generadn, and two on/o cycles of the
valved thermosyphon, for each simulated day.

To further illustrate this experimental design, temperatues of the heaters on the outside

of the prototype are provided in Figure 4.8(d). Primary heateinput to the bottom of the
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thermal storage tank began just before the beginning of theagl and lasted through charging,
simultaneous, and re-heating phases until the beginning tife discharging phase. When on,
the primary heater operated at a temperature of near 78C. When o, it dropped to a
temperature closer to that of the thermal storage tank, neas40 C. As discussed in Section
4.4.1, the guard heaters were not actively powered and simg@cted as passive insulation for
a majority of the experiment. The PCM guard heater temperatte was then slightly lower
than the temperature of the outside of the thermal storage t&, near 570C for most of the
experiment but dropping to 500-510C at the end of the storage phase. Valve guard heater
temperatures were higher when the valve was open (580for the rst day and a half before
the guard heater was shut o, and 370C for the rest of the experiment) compared to when

the valve was closed (220-23G 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, wesed temperature measure-
ment data and one-dimensional analytical heat transfer medk. Full details of our heat ow
calculation methods, including uncertainty in the measureents and calculations (which we
performed using the root sum squared method), can be foundQupplementary Information,
but we provide a brief summary here.

To calculate thermal power delivered to the power block, wesed the heat exchanger on
the cold side of the TEGs as a calorimeter and calculated heaiw as the product of the
water ow rate (measured with an Omega FLR1012-D owmeter), dnsity and heat capacity
of water, and temperature di erence between the inlet and dlet of the heat exchanger. To
calculate PCM loss and thermosyphon loss, we took temperatumeasurements on the inside
and outside of the guard heaters and modeled the thermal regince between these locations
based on published material properties. We then calculateéde heat ow rate through each
guard heater as the ratio of the temperature di erence to théhermal resistance. To calculate
heater power input to the bottom of the thermal storage tankye used a radiation calculation

method based on temperature measurements on the top surfaafethe primary heater and
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the bottom surface of the thermal storage tank. We veri ed tis calculation with an estimate

based on the latent heat of the PCM and other calculated heatows.
4.5 Experimental results and discussion

In the following three subsections, we show temperaturesdt ows, and electrical power
output of our prototype during an experiment of four simulaéd days. Our results show
that this system performed well for three key criteria: (1) he thermal storage system was
able to receive and evenly distribute heat with small tempature gradients, (2) the valved
thermosyphon e ectively controlled heat ow, and (3) we foumd small temperature drops at

interfaces between subsystems.
4.5.1 Temperature measurements

Figure 4.8 shows temperatures measured at key locations oktprototype during the
four simulated days of operation. Here we describe temperagumeasurements from bottom
to top, following the general direction of heat ow, while casidering 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) showsemperature measurements
from ve locations inside the thermal storage tank, represged 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-silcon PCM. This occurred while we
observed temperature di erences of 10-1€ on the outside of the tank, which we attribute
to imprecise thermocouple locations and higher contact tissances for these measurements.

For our second criterion of prototype performance, we fourttat the valved thermosyphon
was able to e ectively and repeatably control the temperatte delivered from the thermal
storage tank to the TEGs. In Figure 4.8(b), we observe that whethe valve was closed

(during the charging phase), the temperature drop across ehinterior of the valved ther-
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Figure 4.8: Temperatures measured during four simulated dapf prototype operation. Each
day consisted of 4 phases. Heat was input during the chargingdasimultaneous phases, and
the valved thermosyphon was open during simultaneous andsdharge phases. These tem-
perature results demonstrate strong performance in seve@spects of the prototype. (a)
TEG temperature responded quickly to operation of the vaha thermosyphon. (b) The
temperature drop from the evaporator to the condenser of thealved thermosyphon repeat-
ably dropped from 310-325 te< 6 C when the valve was opened. (c) All PCM temperatures
remained within 5 C for the duration of the experiment, and were relatively costant
while the PCM was changing phase. (d) shows that heat was inpiiom the primary heater
at a temperature of 780 C, and because they were not powered, guard heater tempenasi
followed the temperatures of the subsystems they surroundedhroughout the prototype,
interfaces between subsystems demonstrated small tempera drops, such that 525 of the
565 C temperature drop from the PCM to the heat exchanger occurdeacross the TEGs.
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mosyphon from the evaporator to the condenser was 310-325, and when the valve was
open (during simultaneous and discharging phases), thismgerature drop was< 6 C.

For our third performance criterion, we consider the tempeture drops at interfaces
between subsystems. When the system transferred heat fronetktorage tank to the TEGs
to produce electricity, Figure 4.8 shows that the temperatw di erence between the PCM and
the evaporator of the valved thermosyphon was 15-20, 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, 525C, occurred across the TEGs, which is desired for high potesut
Carnot e ciency at the power block.

TEG temperatures in Figure 4.8(a) closely tracked those of éhvalved thermosyphon
in response to valve operation. When the valve was open, TEG thside temperatures
ranged from 500-55QC, and cold side temperatures ranged from 35-35. When the valve
was closed, TEG hot side temperatures ranged from 110-160 and cold side temperatures
typically ranged from 25-30C. These temperature drops show that the thermal resistance
of the TEGs was well matched to the heat ows of this prototypeand that the TEGs give
an accurate representation of the thermal performance of ammercial system design that

may use an alternative power block.
45.2 Heat ows and thermal e ciency

Figure 4.9 shows heat ows throughout the prototype during tis experiment, calculated
as described in Section 4.4.4. Here, we discuss these heats@md 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 mairheater to the thermal
storage tank was 900-1000 W. Of this, 280-285 W were lost to tkales of the PCM, 30
W were lost to the sides of the valved thermosyphon, and 50-%8 were lost through the

valved thermosyphon to the heat exchanger. Other miscellaaus 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 intdhe PCM, while the rest was
lost to the sides of the PCM, the sides of the valved thermoskpn, into the heat exchanger,
and other miscellaneous losses. During simultaneous anddfiarge phases, thermal power
delivered through the valved thermosyphon increased drarieally as the valve was opened,
leading to an associated increase in electricity output fno the TEGS.
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the tank stand, evaporator plate, and condenser of the themhvalve, but were not directly
measured. Based on the heat of fusion of the PCM, and the timeook 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 inptarh concentrated sun-
light, we are less concerned with the miscellaneous losskattwere not directly measured
because they are speci c to our test setup rather than providg an accurate assessment of
a real system. However, these losses did reduce heat input te tPCM, which increased
charging time and reduced prototype e ciencies.

When the valve was opened for the simultaneous and dischargkapes, the thermal
power delivered to the power block increased from 50-55 W t8@-400 W. Correspondingly,
thermosyphon loss increased from 30 W to 135-140 W during #eeperiods. However, PCM
loss remained nearly constant at 280-285 W because of the mgaonstant temperature
of the PCM even during discharge. During the simultaneous pise, heat input from the
primary heater was the same as during the charging phase, 90000 W, and when the
heater was turned o for discharge, the heater cooled down btemained at a slightly higher
temperature than the bottom of the storage tank, such that abut 60 W of heat was still
input from the main heater to the storage tank. Miscellaneailosses from the tank stand,
evaporator plate, and condenser of the thermal valve not digped in Figure 4.9 decreased
from 200-350 W to 80-160 W when the heater was turned o, due tbe reduced temperature
of the tank stand during that time.

This heat ow rate data provides several metrics for the abiy of the valved ther-
mosyphon to control heat ow. Considering the increase in la¢ ow rate and corresponding
decrease in temperature drop across the valved thermosyphwhen opened, we calculate
an on/o thermal conductance ratio of 430 (where thermal coductance is the ratio of heat
ow rate to temperature drop). This demonstrates that the vdved thermosyphon is able
to e ectively transfer heat when desired, but limit losses ten closed. Another important

metric for heat ow control of the valved thermosyphon is \ori/\o " response time. When
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the valve was opened for discharge, it took 13-14 minutes fithe system to ramp up to 50%
of full power, and 47-57 minutes to ramp up to 90% of full poweifter the valve was closed
to enter the storage phase, it took 55-83 minutes for the sysh to ramp down to 50% of
full power, and 210-253 minutes to ramp down to 10% of full p@x The longer shut-down
time is due to the process of collecting all sodium above thalve in the condensate funnel,
and because of the relatively large thermal mass of the inatibn surrounding the valved
thermosyphon. However, a turn-on time of 15 minutes opens tH&TEALS technology to
grid services that typically require spinning reserves.
As our nal consideration of the ability of the valved thermogphon to control heat ow,

we de ne its exergy e ciency x.ts as the ratio of exergy out of the valved thermosyphon

to exergy into the valved thermosyphon:

where

T
Xout = Quelivered (1 Lb)

Tcondenser

and

T
Xin = (Qdelivered + QTSIoss)(fL $b):

Tev aporator

Quelivered 1S the energy delivered through the valved thermosyphon tdé heat exchanger,
Qrsioss IS heat lost to the sides of the valved thermosyphon, an@amp, Tevaporator, and
Teondenser @re the temperatures of the water heat exchanger, the evaptor of the valved
thermosyphon, and the condenser of the valved thermosypharspectively.

Based on the temperature and heat ow data in Figure 4.8 and Figa 4.9, we calculate
exergetic e ciency during the discharging phase (x.rs.q4is ) to be 70-73%. Over 99% of the
exergy loss came from heat loss to the sides of the valved timexsyphon, and less than
1% of exergy loss was due to temperature drop across the valvhermosyphon. This

indicates that a commercial scale system with su cient inslation to limit side heat loss
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would perform with an exergetic e ciency of near 99% [73]. Om daily basis, accounting
for losses that occurred during the extended charging pedmf our simulated day, the daily
exergetic e ciency ( x:ts.day ) Of the valved thermosyphon was 27-30%. See Section 4.411 fo
a discussion of insulation losses.

The heat ow data in Figure 4.9 also allow us to determine a vagty of thermal e ciencies
of the prototype (Table Table 4.1). One such e ciency is an \nstantaneous discharge
e ciency," instdischarge » Which we de ne as the ratio of thermal power delivered to théeat

exchanger Qgeiivered » t0 the total thermal power out of the thermal storage tank,Qp cmtank -

_ Qdelivered

inst:discharge —
Q—P CMtank

where the thermal power out of the thermal storage tank can bexpanded into components of

thermal power delivered, thermosyphon 1099+ s10ss, PCM 10SSQp cmioss » @nd heater thermal

power input Qneater -
Q—PCMtank = Q-delivered + Q—TSIoss + Q-PCMIoss Q-heater

During the discharging phases of the experiment,nstdischarge  Was 50-53%. However,
this e ciency does not account for losses from the tank standnd thermosyphon condenser.
A more accurate representation of the ability of the prototpe to transfer stored energy to
the power block may be the \discharge e ciency," gischarge » Which we de ne as the ratio of
energy delivered to the heat exchanger during an entire disrge period Quelivered:discharge )
to the latent heat stored in the PCM (based on the massnecy , and heat of fusion, hyg,

of the PCM). For all four simulated days, we nd that gischarge Was 13-17%.

_ Qdelivered;discharge
discharge —
Mpcm by

A third e ciency we can consider is the overall system \heat ow e ciency", or the ratio
of all useful heat deliveredQqeiivereq (during simultaneous and discharge phases) to heater
input for a full simulated day:

_ Qdelivered
heatflow — —~
Qheater
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For simulated days 2-4, we calculatepeaiow to be 4.3-5.6%. However, this is an arti -
cially low representation of the thermal e ciency of the sytem, partially because it includes
losses over a much longer period of time during charging anetneating than would be expe-
rienced by a real system (each simulated day took 74-87 houb®cause 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 subsequeghlsurface area to volume ratio.
We also note that we could not accurately estimate the ovetatystem heat ow e ciency
for simulated day 1, because during the beginning chargingepod some power was input

from the guard heaters but the magnitude of this power couldat 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 amitation of using TEGs
as the power block, because their power output depends only their hot and cold side
temperatures and cannot be further controlled. Other heatngines such as Stirling engines
could be actively turned o once the hot side temperature isusciently reduced. This would
reduce heat ow through the valved thermosyphon when it is rtadesired 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 mlawer e ciency than
expected.

We de ne \daily TEG e ciency," tec, as the ratio of TEG electricity output (Wrgg) to
heat delivered to the heat exchangergeivered ) during simultaneous and discharge phases:

WT EG

TEG = ~
Qdelivered

For all simulated days, tec was 1.2-1.3%. While they were useful in this experiment for
their simplicity, TEGs are not yet commercially available vith high e ciency and reliability

in the temperature range of our thermal storage system (abeb00C). As a result, the
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overall \daily system e ciency," sysiem, (ratio of electricity output to heat input from the
primary heater) was 0.04-0.05%.

_ Wree

system —

Qheater

However, a full scale commercial scale system may use a higaaiency power block
(such as a Stirling engine at 30% e ciency), which would als@esult 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 s, and losses were meant
to be minimized. In the Discharging state, the primary heatewas not powered, the valved
thermosyphon was open, and heat was intentionally transfed to the TEGs for electricity
generation. All e ciencies are de ned in Sections 4.5.2 and.8.3.

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 heatflow 4.3-5.6
Daily TEG e ciency TEG 1.2-1.3
Daily system e ciency system 0.04-0.05

45.4 Corrosion results

One of the issues encountered in this experiment was matér@ompatibility between
the Al-Si PCM and the steel tank used for containment. If steels exposed to molten Al-
Si, it will dissolve into the melt in a matter of hours. To preent this from happening in
our prototype, we used a MgO-ZrQ@ coating (Metco 210NS-1) deposited by a plasma-spray

method on the heat pipes and thermal storage tank. However, gteexperimental analysis
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(see Supplemental Figures S19-S21) showed that in some lowad, the coating failed and
allowed PCM to come into contact with the steel tank. This fdure may have been caused by
pinholes left after the coating process, or could have beenesult of cracks formed because
of thermo-mechanical stresses during cycling. The coatirigilure led to dissolution of the
steel tank and heat pipe walls into the PCM. While we observedonsigni cant impact on the
PCM thermal performance and there was no complete tank fai@, we found that in some
locations the thickness of the steel wall reduced from 0.08%ches to as low as 0.014 inches.
It is likely that if we continued the experiment for a few addional cycles, more of the steel
wall would have dissolved into the PCM and would have led to aahk failure that would
allow PCM to leak out of the thermal storage tank. While the MgGZrO, coating provided
a temporary solution for the duration of our laboratory expaments, an alternative design

or coating method is likely necessary for long-term operati.
4.6 Conclusion

In this work, we designed, built, and tested a prototype latet heat storage system using
the aluminume-silicon eutectic as a PCM and a valved thermogyon for heat ow control.
Over four consecutive simulated days, this prototype demsetrated strong performance for
all key metrics that we evaluated. First, the thermal storage¢ank 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/othermal conductance ratio
of 430 and an exergetic e ciency of 70-73%. Third, temperate drops at interfaces were
minimal, such that a majority of the temperature drop acrosshe system occurred across
the power block (525 of 56@C), which is desired for high e ciency.

Both thermal and electrical e ciency of the prototype were bwer than could be achieved
by a commercial full scale system. This is primarily due to # small scale of the prototype
and lower-than-expected performance of the TEGs. Thermakpformance could be improved
by scaling up and improving solar heat input, and electricalanversion e ciency could be

improved by switching from TEGs to a higher e ciency power bbck (such as a Stirling
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engine).

Due to corrosion challenges, future success of this techogy requires development of a
containment system that is compatible with the Al-Si PCM, or e of an alternative PCM. A
breakthrough in this area, and further work to demonstratedrger scale systems, may enable
STEALS to provide low cost, modular, dispatchable electrity 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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power generation for>5 hours at>100 W, and 9% thermal to electric e ciency. However,
after initial diagnostic experiments, we found that we coul vary the engine set-point to
reach higher power levels (over 1 k\y, and much higher e ciency (18.5% conversion of
stored thermal energy to electricity, and 8.6% e ciency on alaily basis). This was 200
higher performance than in our rst prototype, and exceedethe reported e ciency of any
previous experimental demonstrations that combined lat¢imeat storage with a heat engine.

This demonstration was a major advancement in developing oproposed system, and
made our previous prediction of 18% annual e ciency appearmtbe reasonable. Reviewing
our previous cost modeling from Chapter 3, we still believehat this system has some
potential for commercial development, as long as the tectwail hurdle of Al-Si containment

(Chapter 6) can be overcome.
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5.1 Abstract

In this work, we present the design and experimental resultsf a prototype latent heat
thermal energy storage system. This prototype used 100 kg Af-Si as a phase change
material with embedded heat pipes for e ective heat transfe a valved thermosyphon to
control heat ow out of the thermal storage system, and a Stilng engine to convert heat
to electricity. We tested this system for 11 simulated daysfaperation; each day included
charging of the thermal storage tank, simultaneous electity generation with heat input,
and electricity generation from stored heat alone. On eacinwlated day, we set the engine
to a dierent power level, allowing us to investigate the rgsonse of heat pipes and our
valved thermosyphon to part-load conditions. The prototyp demonstrated a maximum
e ciency of 18.5% in converting stored heat to electricity,at a maximum power output of
just over 1 kW,. Extending these results to a commercial scale system witblar heat input,
our modeling indicates that a discharge e ciency of over 30%nd an annual e ciency of
18% could be achieved. This work con rms previous performea and cost modeling, and

demonstrates that this system has potential for future comsrcial development.
5.2 Background

Energy storage is an emerging component of electric gridgdause it could enable high
levels of deployment of inexpensive renewable electriciths photovoltaics and wind power
grow, so will the need to compensate for their inherent vafidlity, and the value of energy
storage will continue to increase [11]. While many storagedenologies are currently being
developed, one option with potential for very low cost is thenal energy storage. With
an incremental energy storage cost of 15-20 $/kWh [18], theainenergy storage alone or
in combination with concentrating solar power (CSP) has a copetitive advantage over
other technologies for long duration¥ 5 hour) storage [10, 111]. This means that CSP could
contribute signi cantly to reducing global carbon emissios, because it provides clean energy

itself while also complementing growth of photovoltaics ahwind power [5].
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Though CSP has not been a historically prominent technologit currently accounts for

0.2% of global electricity generation capacity [2]), its Vae is being increasingly recognized,
and commercial development is expanding [100, 131]. Solawr towers are currently either
planned or under construction in Australia, Chile, China, Geece, Morocco, South Africa,
and the United Arab Emirates. While this is encouraging for CSP enerally, these plants
are relatively expensive ¥ 10 g/kWh of electricity generation), and very large (100 MW, or
more) [2, 20, 21]. Further, their storage systems are all b on sensible heat storage with
molten salt materials. These salts are stable only in a namotemperature range (290-56@
[20]), leading to relatively low energy density and limited ptential for high power block
e ciency. This leaves opportunities for further technoloy development via (i) improving
e ciency by increasing temperatures, (ii) reducing cost wh alternative methods of storage
and heat transfer, or (iii) creating modular designs to ope@SP to new markets.

One alternative storage method that has received signi carattention is latent heat
thermal energy storage. In this method, energy is stored imé¢ phase change of a material,
which is attractive for its higher energy density than tradiional sensible heat storage. This
reduces the amount of storage material that must be used, vehi reduces the size and
resulting cost of the thermal storage system. ConceptuallgSP with phase change materials
(PCMs) has been proposed in combination with many di erent bat engines for electricity
generation, including organic Rankine, Brayton, and Stinhg engines, and thermoelectric
generators [24, 53, 56, 61, 118, 132]. However, only a few ptgpe systems have integrated
both PCM storage and power generation into a complete systedemonstration [26, 50, 51,
54, 133{135]. Further, most of this previous work has usedlsanaterials as a phase change
material (PCM). These salts are generally chosen becauseyhhave very low material cost
(sometimes below 1 $/kWh) and reasonably high energy densityHowever, the critical
limitation of salt materials is their low thermal conductivity, which necessitates advanced
heat exchanger designs in order to achieve high exergeticagency and high charge/discharge

rates [27, 38, 39, 41, 60].
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As an alternative class of materials that could be e ectivelyised as PCMs, metals have
much higher thermal conductivities. This leads to simplemitegration into storage systems,
with uncomplicated low-cost heat exchanger designs. Thishaantage has encouraged several
studies to focus on metal alloys as PCMs [28, 44, 124, 136,]13hese studies have generally
found that aluminum alloys are especially compelling for #ir combination of low material
cost, high energy density, and high thermal conductivity. Aiminum also has lower embodied
energy than other metals, making it a particularly sustainale material [71]. An issue with
aluminum alloys, however, is corrosion with conventional etal containment systems; this
has led to e orts to nd reliable containment systems, inclaing those using ceramics [66,
138, 139], or encapsulation methods [49, 140].

In previous work, we designed a novel modular solar power tewthat integrated an
aluminum-silicon alloy (Al-Si) into a complete system held o top of the tower. This design
is distinctly di erent from traditional CSP systems becaug of its small scale ( 100 kW,
rather than 100 MW,) and its passive heat transfer with heat pipes rather than puped
uids. This provides advantages in several areas: abilityottarget market applications with
low power requirements, low capital cost resulting in low sk, rapid technology develop-
ment through iteration, and low operation and maintenanceaquirements. We modeled the
performance and cost of a commercial system based on thisigesand found that it had
potential for market competitiveness when operated as a geag plant to complement elec-
tricity generation from photovoltaics [73]. We also built a initial prototype of this system,
using thermoelectric generators for converting heat to eicity. This rst prototype demon-
strated that the system design would function, but had relately low conversion e ciency
from the thermoelectric generators and su ered high thermdosses [117].

In this paper, we present an improved prototype latent heathtermal storage system,
with a Stirling engine for higher thermal-to-electric congrsion e ciency and improved heat
transfer design for higher thermal e ciency. We begin by desibing our prototype design,

construction process, and measurement system. Then, we g@et experimental results for
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11 simulated days of operation, including temperatures, At ows, and e ciencies. Finally,
we discuss how these results relate to previous work, coraighotential future improvements,
and extend our results to a commercial scale system. Togetheur results and analysis show
that latent heat storage in general, and this system in partular, has potential for future

commercial success.
5.3 Prototype design and construction

In this section, we describe our prototype design, constrign process, and measurement
system. The prototype, shown in Figure 5.1 (with a photograplprovided in Figure 5.2),
included the components of our design that would be locatech dop of the tower: a thermal

storage system, a valved thermosyphon, and a Stirling engin
5.3.1 Thermal storage system

Our thermal storage system design (PCM, tank, and heat pipgsvas centered around
our selection of Al-Si as a PCM. We chose the eutectic compasit of Al-Si (12% silicon) for
isothermal phase change and congruent melting, and used #@47 aluminum alloy (11-13%
silicon) because it was readily available and inexpensivdBased on the energy density of
this alloy (470 kJ/kg [117]) and the physical constraints of ar test chamber, our prototype
included 100 kg of PCM, which corresponds to 13 kWh of thermahergy storage. Including
the volume displaced by heat pipes, additional space for tvelume change of the PCM upon
phase transformation from solid to liquid (5%), and extra had space for ease of construction,
our thermal storage tank had both an internal diameter and hight 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 dggn used an array of
sodium heat pipes. Previous modeling found the cost-optin@d distance between these heat
pipes to be 40 cm [73]. For this prototype, that would have re#ted in a design with just
one heat pipe. However, to demonstrate that the system couldrction with multiple heat

pipes in parallel, we used three heat pipes arranged symmeally within the storage tank,
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Figure 5.1: Our prototypeincluded all components of our degi that would be held on top
of a solar power tower. The thermal storage tank, made of cenéc-coated stainless steel,
contained 100 kg of Al-Si as a PCM to store 13 kWh of thermal energ Three sodium
heat pipes are located inside the thermal storage tank to evg distribute heat into and
out of the PCM. The valved thermosyphon could be opened or ded to control sodium
ow (liquid represented by blue arrows, vapor by red arrowsand subsequent heat transfer
from the storage tank to the Stirling engine, where the stodethermal energy was converted
to electricity. Heaters underneath and to the sides of the tmmal storage tank simulated
heat input from concentrated sunlight, and all components &re contained inside a vacuum
chamber during experiments for safety precaution.
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18.5 cm apart. Each heat pipe had an overall length of 0.4 m,dluding a 0.3 m length of
straight tubing (2.5 cm outside diameter) in the middle, wih a 5 cm tall, 15 cm wide conical
shape at either end. The intent of this shape was to minimizéné PCM volume displaced
while maximizing surface area for heat transfer at the botta and top of the thermal storage
tank, but still using simple geometry that could be easily maufactured. Each heat pipe was
made of 304 stainless steel, and was lined on the interior Wi layers of #100 stainless
steel mesh to wick sodium and enhance sodium nucleation. $opt 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 stainlestesl surfaces, both the tank
and heat pipes were coated with a plasma-sprayed ceramic twog. The coating material
was a magnesia-stabilized zirconia (Metco 210NS-1), with a-8r-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 orand o0 on demand. To
accomplish this, our design included a valved thermosyph@s depicted in Figure 5.1. The
red arrows in this gure represent sodium vapor, and blue aoiws represent liquid sodium.
Starting at the bottom of the valved thermsyphon, a layer ofijuid sodium on the evaporator
surface receives heat input from the heat pipes of the theristorage tank. This sodium
evaporates and travels up the vapor tubes, then condensestbe heater head of the Stirling
engine. The condensed liquid sodium is collected by a funnehd 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 cled 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 analy®f this valved thermosyphon

concept [73, 103], and experimentally demonstrated the @alone [120] and integrated with
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Figure 5.2: Photograph of prototype before addition of sidedaters and insulation. The
thermal storage tank in the middle of the photograph contaied 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 corerted the heat to electricity.
Underneath the storage tank is a resistive heater; beneathdtheater 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, welightly modi ed the design
to allow incorporation of the Stirling engine into the systen. Our primary concern was
the engine vibrates during normal operation, and if the vilations were translated down
to the heat pipes, the coating on the exterior of the heat pigewould be at increased risk
for mechanical failure. To dampen these vibrations, we infjeated exible tubing (Kurt J
Lesker MHT-TE-B03) into the vapor and liquid return tubes. Andher design aspect unique
to this version of the valved thermosyphon was that we inclietl Swagelok VCR ttings in
the middle of the vapor and liquid tubes so that we could consict the valved thermosyphon
in two parts, which improved our assembly process. As a nal nabcation from previous
designs, we reduced the condenser diameter to match the safehe Stirling engine heater
head, to minimize nonessential area where heat losses conddur.

The overall height of the valved thermosyphon was 0.3 m. Theagor tubes and liquid
return tube had an outside diameter of 2.5 cm. The evaporataiiameter was 0.4 m (matching
the thermal storage tank), and the condenser diameter was28. m (just larger than the
Stirling engine heater head). The evaporator surface wasiéid with three layers of #100
stainless steel mesh, and all other surfaces were bare. Theeiior was lled with 400 g of
sodium. All components of the valved thermosyphon were madé ©.6-3.2 mm thick 304

stainless steel.

5.3.3 Stirling engine

For this prototype, our power block was a 3 kW Stirling engine from American Super-
conductor. This Stirling engine used a gamma-type free past design for a high reliability,
with helium as a working uid and water cooling to maintain a bw temperature at the cold
side of the engine. The electrical power output of the engimeatched the frequency of the
piston movement, 60 Hz. At full power, the electrical output of the engine was 3W, (200
VACRrums at 15 Arus ), with a design hot side temperature of 70@. In these experiments, we
ran the engine at 0.1-1 kW (40-120 VAGgus and 2.5-8 Axus ) with a hot side temperature

of 400-550C. This o -design operation reduced e ciency relative to pdential commercial
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system performance, in which case the Stirling engine woub@é 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 fabdated the structural com-
ponents of the tank and heat pipes by standard drawing, metapinning, machining, and
welding processes. We then polished all interior surfacetbe tank and exterior surfaces
of the heat pipes, and used a plasma-spray process to coatdtesurfaces with a magnesia-
stabilized zirconia coating (METCO 210NS-1), including anntermediate Ni-Cr-Al alloy
bond coat (METCO 443) between the steel and the magnesia-bthzed zirconia. Next, we
constructed all components of the valved thermosyphon, agausing standard machining
and welding processes. Our design included Swagelok VCR mections in the vapor and
liquid tubes so that we could separate the valved thermosyph into two parts. We then
welded the bottom half of the valved thermosyphon to the heagpipes, 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 deeasing these surfaces. We
rinsed the components with water, lled them with acetone fo 2 hours, then rinsed again
with water and dried overnight with a nitrogen purge. We therpassivated the inside surfaces
to enhance sodium wetting and improve corrosion resistanbg Iling the components with
50% nitric acid for 45 minutes, before rinsing with water and again drying oveight with
a nitrogen purge. Next, we lled each heat pipe individually wth sodium using a custom
sodium charging apparatus. This involved evacuating the hé pipe, melting sodium inside
of a separate charging vessel, then opening a valve to alloketliquid sodium to ow into
the heat pipes.

To install the prototype inside our test chamber, we began bynounting the Stirling
engine, with the top half of the valved thermosyphon attache onto support blocks at the

top of the chamber. We then moved the bottom part of the prototpe into the chamber,
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and made the connection between the bottom and top parts of ¢hvalved 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 inecouples throughout the
system, and put insulation and radiation shields on the ouides of the heaters and other
prototype components.

To Il the thermal storage tank with PCM, we placed rods of sad 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, cooleddlsystem down, and repeated
the process three times until we had the desired amount of PCMside the tank. This also
allowed us to run diagnostic tests to ensure that the measumnent system and Stirling engine

were running properly.
5.3.5 Test chamber, heaters, and insulation

We tested our prototype inside of a stainless steel vacuumarhber as shown in Figure 5.1.
The purpose of this chamber was to reduce safety risk from mottial failure of the sodium
heat pipes, the water cooling system, or the storage tank. Bnog our experiment, the
chamber pressure was maintained near 25 mTorr by two EdwardaV28 rotary vacuum
pumps. This operation in vacuum reduced thermal losses coarpd to a commercial system,
but this only had a minor impact on results because the primgrthermal resistance to heat
losses was still insulation. In a commercial applicationhe interior of the storage tank would
likely be an inert environment to prevent oxidation of the AlSi PCM, though the system
would not be under vacuum.

To simulate solar heat input from a heliostat eld through a avity receiver, we arranged
heaters underneath and to the sides of the thermal storagenta 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 ananprove thermal contact.
This heater was the same diameter as the storage tank, and hadnaximum power output

of 4 kW at 208 V, though during the experiment we typically opeated it near 1 kW. The
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two semi-cylindrical heaters on the sides of the tank (Theranaft VFR-180-18-14-V-S) were
spaced 2.5 cm from the outside of the tank, and used exposedtirey 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 haesperienced signi cantly higher
thermal losses than a commercial scale system if we had uskshdard inexpensive insulation.
To partially overcome this challenge, we placed high-perfoance insulation and radiation
shields on the outsides of the heaters and the valved thernyption. Our arrangement
underneath the bottom heater included a 1 cm thick board of éaum silicate insulation, a
gridded steel plate, four sheets of 1 mm thick stainless stee radiation shields, and a 0.6 m
square, 5 cm thick piece of microporous silica insulation (@malight 1000X). On the outside
of the side heaters, we used two wraps of 1 cm thick aerogelulaion (Pyrogel XTE). We
also used this same aerogel insulation to wrap the vapor tuhdiquid return, and all interior
spaces of the valved thermosyphon. On the exterior, we alstaped two sheets of 1 mm
thick stainless steel that spanned from the bottom of the cmaber 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 tempatures, heat ows, and
electrical power input and output. For temperature measuraents, we used 105 type K
thermocouples, connected to a data acquisition system (Natial Instruments cDAQ-9178
chassis with NI-9213 modules) that transferred data to a comper via LabView software.
These thermocouples were placed inside the PCM (inside ofamic protection tubes), on
the sides of the PCM tank, on the insides and outsides of the dters, on the insides and
outsides of insulation, inside each heat pipe, at 10 locatis inside the valved thermosyphon,
at the inlet and outlet of the Stirling engine water cooling sstem, on the exterior of the
Stirling engine, and on the test chamber walls. In some logahs, we used sheathed and

ungrounded thermocouples so that they could be secured inapé or would be protected

123



from sodium, and in other locations, we used exposed junatibhermocouples for improved
response.

To measure the heat rejected from the Stirling engine, we ub#s water cooling system as
a calorimeter. We placed thermocouples within 15 cm of thelet and outlet of the cold side
heat exchanger, and measured the water ow rate with a owmetr (Omega FLR6305D).
We then estimated heat ow as the product of the volumetric av rate, water density, water
heat capacity, and temperature di erence across the heat etxanger.

To determine electrical power input to each heater, we mufilied the supply voltage by
current input, which we measured using current transducer@CR Magnetics CR4120-30).
Then, to estimate thermal power input from the heaters to theéhermal storage tank, we
subtracted heat loss from the outside of the heaters. For thheat loss, we measured temper-
atures on either side of the insulation surrounding each htea, calculated a 1-dimensional
thermal resistance of this insulation, and estimated heabss as the ratio of the temperature
di erence to the thermal resistance. We used a similar metldowith temperature measure-
ments and a thermal resistance calculation to estimate heliss from the sides of the valved
thermosyphon, and from the side of the thermal storage tank iven the heaters were o
during discharge.

To control and measure electrical power output from the Stiing engine, we used a
separate system developed by American Superconductor-ITChe engine controller used
an active recti er operating as a boost converter to rectifthe AC power coming from the
linear alternator windings, creating a 360 V DC rail. Then, kectrical output voltage and
power data from the engine was measured with a National Instments CompactDAQ data

acquisition system.
5.4 Experimental results

Here we discuss our experimental results, including tempéuees, heat ows, and e -
ciencies. Our experiment lasted for 11 simulated days, in weh each day lasted 32-42 hours

and included four modes of operation: (i) charging, (ii) sioitaneous 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, wearied the Stirling engine
set-point, allowing us to investigate performance of the siem at di erent thermal power
levels. This variation was intentionally randomized to avial any aging e ects on trends in
performance. We ended the experiment not due to failure of miprototype components, but
due to malfunction of the rotary feed-through that we used t@mpen and close the valved

thermosyphon.
5.4.1 Temperatures and heat ows

Figure 5.3 provides key temperatures and heat ows measureldroughout the prototype
for the duration of our experiment. Figure 5.4 more closely amines 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 temp¢ures measured at
12 di erent locations within the PCM, at heights ranging fram 1-30 cm from the bottom
of the tank, and at radii 0-18 cm from the center of the tank. Fothe duration of the
experiment, all of these temperatures typically remained ithin 25 C of the PCM melting
temperature of 577C (with exceptions during the extended discharges on days 7, and
9). This included super-heating at the end of the charging ped up to 590-600C, and
sub-cooling at the end of the discharge period to 500-57) We also observed very uniform
temperatures spatially throughout the PCM. The twelve ling that represent each location
are di cult to distinguish, as they were all measured to be wihin 10 C for all parts of the
day except the sensible part of the discharge period. This ctose to expected performance
from previous modeling, which predicted a temperature dropf 10 C during discharge for
a heat pipe spacing of 40 cm [73]. These uniform PCM tempera#s indicate high exergetic
e ciency of the storage system, and are a result of the high #rmal conductivity of Al-Si
as a PCM and the high e ective thermal conductivity of the sodim heat pipes.

Figure 5.3(b) shows ve temperatures inside the valved therasyphon: two in the vapor

space near the evaporator, and three in the vapor space nehetcondenser (i.e. the Stirling

125



Figure 5.3: Experimental data collected for 11 simulated dayof operation. (a) PCM tem-
peratures at 12 di erent locations typically remained withn 25 C of the PCM melting tem-
perature of 577C, with less than 10C temperature gradients throughout the thermal storage
tank. (b) The evaporator maintained a relatively high tempeature for the duration of the
experiment, while the condenser temperature uctuated degmding on whether the valved
thermosyphon was in an \on" or \o " state. Beyond \on"/\o " ¢ ontrol, the thermal power
delivered to the engine in (c) was primarily controlled by te Stirling engine, whose e ective
thermal resistance was modi ed as we ran it at power levelsoim 0.1-1 kW, as shown in (d).
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engine heater head). The evaporator temperature remainedh@e 500C for most of the
experiment, while the condenser temperature uctuated degmding on whether the valved
thermosyphon was in an \on" or \o " state. In the \o " state, t his condenser temperature
was typically 240-260C, but when turned \on," we observed a sharp rise up to 450-550.
This rise corresponded to a similarly sharp increase in theal power transferred to the
Stirling engine, demonstrating e ective and repeatable & transfer control.

Figure 5.3(c) provides data for the thermal power deliveredtthe Stirling engine. This is
the sum of the thermal power measured by the calorimeter at éhcold 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 varyinghé engine output voltage, we
modi ed the amplitude of the piston stroke, which changed tB compression ratio of the
Stirling engine and therefore its e ective thermal resistace. The resulting amount of heat
pulled through the engine in these experiments ranged froml1kW, at the lowest power level,
up to 4.3 kW, at the maximum power level. These thermal power rate extrenm@rresponded
to 90 and 1000 W of electrical power output from the engine.

Building upon these general temperatures and heat ows, in §ure 5.4 we consider the
transient response of the system to changes in operation dretfourth simulated day. When
the valve was opened at the transition from (i) the charging Ipase to (ii) the simultaneous
phase, the condenser temperature in Figure 5.4(a) and the tingal power delivered to the
engine in Figure 5.4(b) rapidly increased. Engine power rose 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 drsilar 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 tbe fact that once sodium was
collected above the valve, it took several minutes for its teperature to fall below 500C,
the point where the vapor pressure of the sodium su ciently educed to cause heat piping

to stop.
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Figure 5.4: Experimental data collected for the fourth simaited day, which demonstrated
the highest daily system e ciency. Temperatures in panel (pand thermal/electrical power
in panel (b) responded quickly to transitions between modexf operation: (i) charging, (ii)

simultaneous electricity generation with heat input, (ii) reheating to melt all PCM, and (iv)

discharge with electricity generation from only stored thenal energy.
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In Figure 5.4, we also observe a reduction in condenser temgteire and power output
over time during both (ii) simultaneous and (iv) discharge peods. During the simultaneous
period on simulated day 4, power output reached a maximum o7@ W and fell to 751 W
over 4 hours; during the discharge period, power output relaed a maximum of 758 W and
fell to 676 W over 3.2 hours. This is an expected response ofdatent heat storage system,
where the temperature delivered to the power block and resug power output depends
on the state of charge. When fully charged, power output is Higst, but this reduces over
time as PCM solidi es around heat exchanger surfaces, redng the temperature delivered
to the power block. The e ect is relatively small in our systen, with  10% reduction in
power over the course of a full discharge cycle. However, if wad 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 th end of the discharge
(calculated based on 1-D conduction through the PCM). Thisauld have led to as much as
a 90% reduction in power output during a discharge cycle. T#illlustrates the value of our
high thermal conductivity PCM, and the importance of heat exkhanger design for successful
latent heat storage systems.

As a nal note on the temperature and heat ow data shown in Figue 5.3, the extended
power generation at low power levels at the end of day 1, 7, add were due to accidental
incomplete closing of the valve in the valved thermosyphorDuring this time, all of the PCM
had solidi ed, and the system reached a near-steady state which 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 specic to the valved thermgdyon in our prototype.
First, Figure 5.5(a) shows the average temperature drop thrgh the vapor space of the
valved thermosyphon during each discharge period. This tgrarature drop increased linearly
with thermal power at low power levels, as expected for any éhmal system. At higher power

levels, we observe larger temperature drops that indicat@at we are approaching the sonic
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heat pipe limit [125]. For a commercial scale system, the dgs would have to account for

this limit by appropriately sizing the diameter of the heat ppes and valved thermosyphon.

Figure 5.5: Performance of our valved thermosyphon. (a) Atve power levels, the average
temperature di erence across the valved thermosyphon dung discharge was as low as 10.
At high power levels, this increased non-linearly, indicatg that we reached the sonic limit,
which could be overcome in a future design by increasing vaptmbe diameter. (b) The
exergetic e ciency of the valved thermosyphon ranged from®% at a thermal power of 3.7
kW, to 98% at a thermal power of 1 kW.

Next, this temperature drop data can be combined with the thenal power during dis-
charge to evaluate the e ective thermal conductance of theawed thermosyphon. During
discharge, the temperature drop of 10-12CQ and thermal power of 1-4 kW 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 gaetry, and this \on"/\o "
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thermal conductance ratio could increase to as high as“1[73].

Figure 5.5(b) considers the exergetic e ciency of the valvethermosyphon. Here, exergy
represents the potential for electricity production from he 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 exegy output to exergy input,
Xout=Xin, Where Xoit = Qout(l  Teold=Teond) @and Xin = Qin (1 Teow=Tevap)- Qout IS the
thermal energy delivered to the engine, an@;, is the thermal energy input to the valved
thermosyphon (the sum of power delivered to the engine anddaimal losses to the sides of
the valved thermosyphon based on a 1D conduction calculatidghrough insulation). Teoqg IS
the temperature of the cold side of the engine, antkong and Teyap are the temperatures of the
condenser and evaporator of the valved thermosyphon, respieely. This exergetic e ciency
ranged from 90% at high thermal power levels, to 98% at lowehdrmal power levels. Our
estimated thermal losses to the side of the valved thermodypn were quite low € 10 W),
which means that nearly all of the exergy loss is due to the tgrarature drop across the
valved thermosyphon. For an optimized commercial scale $gm, this temperature drop
would be lower, and the exergy e ciency would be maintainedloser 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 56(a). Here, thermal
e ciency (discharge) is the ratio of thermal energy deliveed to the Stirling engine during
the discharge period to the total energy stored in the latenheat 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 heaers throughout an entire day.
With these results, we observe a maximum thermal e ciency (dicharge) 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 disctge duration was shorter, which

reduced the amount of time for thermal losses to occur from ¢hsides of the thermal storage
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tank and valved thermosyphon. In a larger system with lowerusface area to volume ratio

and e ective insulation, both of these thermal e ciencies ould approach near 99% [73].

Figure 5.6: Experimental e ciencies. (a) A maximum of 84% oflie latent heat stored in the
PCM was successfully transferred to the Stirling engine dung discharge, and a maximum of
36% of the total thermal power input was successfully transired to the Stirling engine on
a daily basis. (b) Stirling engine e ciency increased with pwer up to 24%, until very high
power levels led to lower hot side temperatures and reduceaiency. Combined thermal
and engine e ciency led to a maximum of 18.5% of stored latertheat being converted to
electricity, and a maximum of 8.6% of total heat input over tle entire day being converted
to electricity.

In Figure 5.6(b), we provide results of both the Stirling engie 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 pduct 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 electridy during the discharge period,
and system e ciency (daily) represents the percentage of #rmal 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 ciencynitially 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 kyVas xed thermal conduction
losses through the outer walls of the engine remained neadgnstant while engine power
output increased. Second, higher power levels led to a largemperature drop through
the PCM, heat pipes, and valved thermosyphon. This resulteah a reduced hot side engine
temperature, which reduced engine e ciency. Combined, tree two e ects led to a maximum
Stirling engine e ciency of 24%, at a power level of 770 Wand with an average hot side
temperature of 499C during discharge. Considering both thermal and engine eiencies,
the overall system e ciency (discharge) then reached a maxium of 18.5% at an engine
power level of 950 W, and system e ciency (daily) reached a maximum of 8.6% at an

engine power level of 770 W

5.5 Discussion

5.5.1 Comparison to prior experimental demonstrations

Only a few experimental e orts to combine latent heat storag with power generation
have previously been completed [26, 50, 51, 54, 117, 133{13%hese systems typically either
used thermoelectric generators, Rankine cycles, or Stitj engines for power conversion, at
power levels of 1-10 Wor 1-3 kW,. They included salt, sugar, or metal PCMs with enough
thermal storage capacity for 0.5-5 hours of generation. Thealso employed a variety of
di erent heat exchanger designs, including systems with paped oils, heat pipes, and pool
boilers.

Compared to these prior systems, our prototype is unique itsidispatchability, 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 prades a distinct advantage
for its combination of high thermal conductivity, high enegy density, and low material cost.
Our concept with tower-based storage is also novel, in coast with previous designs for
dish or parabolic trough concentrators.

In our heat pipe design, we learned from and improved upon aguious demonstration

that used an NaF-NaCl salt as a PCM [26]. In this previous desigan extensive network of
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heat pipes shared a common vapor space. Due to the geometnythed design, sodium was
not equally distributed to all regions of the thermal storag system. This led several of the
heat pipes to experience dry-out, which limited heat transf from the PCM in these regions.
Learning from this work, we isolated each of our heat pipesdividually, so that each had

its own internal vapor space and would not dry out of sodium.

Considering the overall performance of previous lab-scatkemonstrations, e ciencies
have been signi cantly lower than they potentially could befor commercial systems. Instan-
taneous e ciency for systems with Stirling engines has rebded 15-25% [51, 133], but full
system e ciencies (for all previous demonstrations that we r@ aware of) have been limited
to 3% or less [117, 133, 134]. Thus, our performance of 8.6%yda ciency and a 18.5% dis-
charge e ciency (converting stored heat to electricity) rg@resents a signi cant improvement

for systems that combine latent heat storage with power geration.
5.5.2 Limitations of this prototype

While our prototype achieved strong results, we have also wleed a few areas for
further improvement. Our PCM, heat pipes, and valved thermsyphon demonstrated small
temperature gradients and high exergetic e ciency, but nuaces in our design could be
optimized to both reduce o -state losses and improve on-d&aperformance. This could lead
to enhanced thermal e ciency, higher maximum power outputand improved overall system
e ciency.

A signi cant source of heat loss while charging and storingnergy in this prototype
occured through the valved thermosyphon in the \o " state. By using thinner vapor tube
walls, improved insulation, or increasing the overall helg of the valved thermosyphon, heat
losses from conduction could be reduced. In addition, benapor tubes would block direct
radiation from the evaporator to the condenser, further linting thermal losses in the valved
thermosyphon. Thermal losses from the storage tank were @lswherently high due to the
small size of our prototype, and the amount of insulation weoalld use was constrained by

the size of our test chamber. In a future application, additinal 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 kW, but in actual operation, we transferred up to 4.3
kW, from the thermal storage tank to the Stirling engine. At thes higher thermal powers,
we observed a non-linear increase in temperature drop thiglu the valved thermosyphon
and heat pipes, due to sodium vapor velocities approachinbe sonic limit. To prevent this
from happening in a future system, the diameter of the vapomubes could be increased to
reduce sodium vapor velocity.

Finally, the Stirling engine that we used for these experimésn was designed for 3 kWY
though due to limitations discussed above, we only ran the gime at part loads of 0.1-
1 kW,. This resulted in a maximum thermal-to-electric conversio e ciency of 24%, at
an average hot side temperature of 498 ( 40% of potential Carnot e ciency). However,
optimized Stirling engines have been demonstrated at oved% e ciency (over 50% of Carnot
e ciency) [35], and applying this performance to our operabn 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 commeral 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 mah higher storage e ciency. With
additional low cost insulation, improvement to 99% annualltermal storage e ciency would
be reasonable, and would match performance of previouslyndenstrated thermal storage
systems [141]. Adding in a Stirling engine e ciency of 30%, adtiostat eld e ciency near
70%, and a receiver e ciency of 95%, our previous predictioof 18% annual e ciency also
still appears to be reasonable [73].

In this prototype, we showed that the system could quickly ipond 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 magess than linearly with power
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rating. This means that its response time would be even fasteour previous modeling
predicted an on/o response time of just a couple of minutes7B]. This would allow the
technology to e ectively act as a peaking plant for integrabn of variable generation from
renewable electricity.

Generally, our experimental results matched our previouspectations and con rm the
potential performance of a commercial system of this desigiReviewing our previous cost
analysis inputs, we still project that levelized cost of etgricity could reach < 10 g/kWh
at a 30% capacity factor. That would make this system compeéive with alternatives of
photovoltaics with batteries and natural gas combustion trtbines [73], and provides continued

motivation for development of this technology.
5.6 Conclusion

In this paper, we presented the design and experimental réisuof a prototype latent
heat storage system. This prototype included a thermal stage tank with Al-Si as a PCM,
a valved thermosyphon for heat transfer control, and a Stirlg engine for converting heat
to electricity. We tested performance for 11 simulated daysf operation, under conditions
similar to those that would be experienced in a commercial sjgm. To the best of our
knowledge, this is the rst published demonstration of a digatchable thermal storage system
that integrates a metal PCM and a Stirling engine. We also prade the rst report of system
e ciency for multi-day experiments on any system that combnes a PCM with a Stirling
engine.

Our results demonstrated strong performance and a signi o& improvement over our
previous prototype results [117]. Both prototypes demonstted e ective heat transfer, with
minimal temperature gradients throughout the PCM and high eergetic e ciency in the
valved thermosyphon. However, this second prototype opegat at higher power levels (over
1 kW) 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 prototypdsa greatly improved thermal-

to-electric conversion e ciency. This increased overallystem e ciency (daily) from 0.05%

136



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 impovement to 18% annual system
e ciency. This con rms our previous performance and cost mdeling, and shows that this

system has potential to be cost-competitive with alternatie 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 compladeowards nding a reliable
method of containment for Al-Si as a PCM for CSP. Thank you to Gey L Hardin, Robert
E Bell, Steven T Christensen, Judith C Gomez-Vidal, Philip A Palla, Nathan P Siegel, and
Eric S Toberer for their help with coating method developmendesigning and performing
experiments, and analyzing results.

The motivation for selecting Al-Si came from the techno-ecamic and performance mod-
eling that | completed in Chapters 2 and 3. There, | found thathe combination of high
thermal conductivity, high energy density, moderate mateal cost, and appropriate melt-
ing temperature made Al-Si the best candidate material amonall options we considered.
However, that analysis assumed that the CSP plant could relidy operate for 25 years, with
coatings or other methods employed to contain Al-Si with mimnal corrosion over time. This
is a signi cant technical hurdle, and an open problem that istill being investigated.

As a contribution towards solving containment for Al-Si, we caied out a series of tests
on several potential materials and coating methods. This atuded steady-state experiments
on monolithic materials to establish thermodynamic stahily, and cycling experiments in
conditions similar to those that would be experienced in a oumercial system. Our results
provided some encouraging progress, identi ed importanbasiderations and points of failure,
and found a short-term containment solution that allowed ugo build and test a prototype
system. However, development of a long-term solution for r@ble containment of Al-Si is

still on-going, and further work is necessary for future sgess of this technology.
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6.1 Introduction

In developing PCMs for CSP, there are two primary material elsses that are gener-
ally considered: salts and metals. Salt PCMs have receivetlet most attention, due to
their low material cost, which gives them a potential for lonthermal storage system cost.
As one example, the \Concentrating Solar Power Generation 3dinonstration Roadmap"”
exclusively considers chloride salts as leading candid®€EMs [22]. However, salt PCMs typ-
ically have thermal conductivity below 1 W/mK, which means trat they require advanced
heat exchanger designs to achieve su cient exergetic e ciecy for successful overall system
performance [97]. Further, salt PCMs often have large voluenchange 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 @formation and reduced thermal
performance during solidi cation. Finally, salts also posédi culty because they can be quite
corrosive to containment materials [68].

As an alternative class of materials, metals may also be cotesied for use as PCMs
in CSP. In comparison to salts, metals generally have similgravimetric energy density,
higher volumetric energy density, higher material cost, ahhigher thermal conductivity. The
appeal of these properties (primarily high thermal conduatity) has led many researchers to
identify metal PCMs as an attractive option for latent heat sorage [28, 44, 124, 136, 137].
My own analysis in Chapter 2 found the same result, though asmportantly found that the
trade-o s between the two material classes depend on manysasnptions about the entire
CSP system. In addition, one outstanding issue with metalssaPCMs is corrosivity. For
the speci c application of thermal energy storage, many mats do not have established
containment systems that can reliably last for the duratiorthat a power plant would need
to operate.

From the above discussion, it is clear that both salt and metaPCMs pose risks for
development. In this thesis, | selected Al-Si as a PCM based tathno-economic analysis, but

with the knowledge this was a high-risk, high-reward dectn. The high thermal conductivity
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of Al-Si created a very strong potential for a simple overallystem design with high exergetic
e ciency, but also required that we identify a reliable mettod of containment. As a rst
step in investigating potential solutions, we reviewed pxgous e orts towards containment of
Al-Si. While | do not provide a comprehensive review here, thelfowing 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 energelly favorable for the two to
mix rather than remain separate. This includes the standardontainment material used for
CSP thermal storage, steel, which will dissolve into alumiim alloys quite rapidly. Thus,
traditional heat exchanger and storage tank designs madeofn metal materials are not
a feasible option for use with Al-Si. Alternatively, most cermic materials are inert in
molten aluminum [66, 138, 142]. This is why in most applicaihs that require processing of
aluminum, large ceramic vessels are used for containmenthése vessels are typically heated
from the exterior by gas- red burners, and the molten alumiom inside can be poured into
molds to solidify before being further processed. The gased burners provide su cient
thermal energy to melt the aluminum, but this design leads tdarge temperature gradients
which degrades thermal e ciency (a minor concern in most agdjzations because energy
is just one component of overall system cost). Further, thiapplication 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 sammethods 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 \witsigni cant surface area in
contact with the PCM to minimize temperature gradients durhg charging and discharging.
During charging, our aim is to minimize receiver temperat@ and resulting radiative and

convective losses; during discharging, our goal is to maxi#a the temperature and resulting
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e ciency of the power block. However, the challenge is that tts must also be done with
containment and heat exchanger materials that are thermodyamically inert with Al-Si and
can withstand signi cant thermo-mechanical stresses.

Previous research has shown that Al-Si can be contained by rhetls of micro- or macro-
encapsulation [49, 140]. In micro-encapsulation, small p&les (36 micron diameter) can be
treated by a boehmite treatment (boiling in water followed g drying) to form an AIOOH
shell, then subjected to a heat-oxidation treatment (93@ for 6 hours in an oxygen-rich
environment) to form an alumina coating on the outside of thearticle. Notably, in this
process, cracks that form from expansion of Al-Si can be skH#aled by exposure to the
oxygen atmosphere. The resulting small coated particleswd be used in a packed-bed
heat exchanger design, or potentially even with heat pipe wong uids. In the second
method, macro-encapsulation, Al-Si can be simply placed ide an alumina crucible, and
a seal between the crucible and a lid can be made by using an Anland heating in an
environment with oxygen. Similar to micro-encapsulationthe resulting containers of Al-Si
could be used with packed-bed or potentially heat pipe heakehanger designs.

While the above processes could result in reliable containmesystems, they each use
a signi cant amount of ceramic material, which decreases ¢henergy density of Al-Si as
a PCM, and require further development of potentially com@x heat exchngers. As our
goal was avoid these limitations and achieve the highest masle thermal performance for
our design, we hoped to identify a containment system that ed thin-walled, high thermal
conductivity heat exchanger components. One way to accongii this would be to use metal
containment materials with thin ceramic coatings as a corsion barrier. Such a system had
not been previously developed for thermal energy storagetwiAl-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, | summize this e ort, though | also

note that this is still a work in progress.
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6.2 Experimental results

Here | describe a series of experiments that we performed t@kiate potential materials
and coatings for containment of Al-Si. These experiments folved a progression from ini-
tial screening tests (short duration, simple geometry) to wre rigorous experiments (longer
duration, with phase change cycling, on more complex geomies). In chronological or-
der, the samples that we tested included monolithic materis, paintable ceramic coatings,
plasma-sprayed ceramic coatings, a chromium nitride coayj 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 nteh aluminum alloys and
qualitatively observed whether or not corrosion occured oa pass/fail basis. Our samples
included both metals (steel, nickel, and titanium alloys) ad ceramics (alumina, zirconia,
silicon carbide) in baths of multiple aluminum alloys (purealuminum, aluminume-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 theraeic samples had a
rectangular cross-section. In our tests, we put each samphéo a separate molten aluminum
bath at a temperature of near 700C for 100 hours in a nitrogen atmosphere.

The results of these tests generally con rmed previous liteture. We found that all
metal alloys corroded severely, with most samples dissaigi almost completely into the
aluminum bath in this relatively short duration. However, al ceramic samples demonstrated
thermodynamic stability, with no noticeable signs of corrsion or other sample degradation.
This encouraged us to perform further experiments on a vatyeof 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 dgpiog materials onto sur-
faces at a large scale. In a variety of ways, a solution that m@ins the material to be
deposited can be applied to a surface then dried, leaving leth the desired material as a
coating. One method of applying these coatings is to make aipisolution 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 coatys including silicon carbide,
boron nitride, yttria, alumina, and zirconia. We mixed theg coatings with manufacturer-
prescribed ratios of water, applied them to both stainlesseel and ceramic samples, and
allowed them to cure in air for 2 hours at room temperature fl@wed by 9 hours each at 93
and 427 C. Unfortunately, we found that the coatings did not adhere weeither to stainless
steel or to ceramic surfaces. Therefore, we did not pursuether testing for compatibility
with aluminum alloys. In the future, paintable or other soldion processed coatings may
still be a e ective method for depositing ceramic coatingsbut in our work we were not
able to identify any e ective commercially available coatigs, and thereafter turned to other

potential coating methods.
6.2.3 Plasma-sprayed ceramic coatings

The next method that we investigated for applying ceramic @&iings to steel surfaces was
plasma spraying. In this process, the part to be coated wastabed while a robotic spray gun
moved vertically along the length of the part and deposits t coating. The spray gun made
many passes, depositing several layers of coating, so thaygorosity in the coating (5-20%)
was staggered and there was no direct pathway from one sidetlo¢ coating to the other.
Though the temperature of the plasma was quite high (16,000), 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 as about 0.3 mm. In addition,

all coatings were preceded by deposition of a0.6 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 grmodynamic stability during
steady-state exposure to molten aluminum. We applied aluma (Metco 105), magnesia-
stabilized zirconia (Metco 210 and 210NS-1), and yttria-shalized zirconia (Metco 204F)
coatings to stainless steel rod samples that were 15 cm longhaa diameter of 1 cm. Similar
to our process for monolithic material testing, we immersethese 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 fotlaamples. While we observed
some wetting of the Al-Si to the outside of the rods, we found r&igns of corrosion or failure
of the coatings. This veri ed our previous tests on monolittt samples that the ceramic
coating materials are thermodynamically stable with Al-Siln addition, this proved that the
plasma-sprayed coatings could be applied to stainless dtearfaces 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 euated mechanical stability
upon exposure to phase change cycles of Al-Si. Though we hadhdestrated success under
steady state operation, there was still signi cant risk of cating failure due to two sources of
mechanical stress. The rst of these is the mechanical steegmposed 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 exmnd into available space, but
depending on the geometry of the system, some regions of PCMayymot have space to
expand into. This leads to compressive forces on coating fages. Then, when the phase
changes from liquid to solid during discharging, the PCM naitrally contracts around heat
pipe and container wall surfaces, leading to formation of iads and tensile stresses on coating

surfaces. In addition to these stresses from phase changehef storage material, a second
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source of mechanical stress is due to temperature changed emsmatch of thermal expansion
coe cients between the coating material and the steel coniaer and heat exchanger. During
thermal cycles, the temperatures of the thermal storage t&nheat exchanger, and coating
vary, but because they have di erent thermal expansion coecients, they will each expand or
contract di erent amounts, leading to corresponding streses on each material. For example,
steel may have a thermal expansion coe cient of 12 m/mK, whe& 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 aluma coating, causing tensile
stresses on the alumina coating which could crack rather thaemaining in contact with the
steel.

For our rst mechanical stability tests, we used identical amples as in our initial steady-
state tests. We applied the same alumina, magnesia-stabéd zirconia, and yttria-stabilized
zirconia coatings to stainless steel rod samples that werg dm long with a diameter of 1 cm.
We then immersed these samples into molten Al-Si, with a nitgen environment, and cycled
the Al-Si between solid and liquid phases (between 525-629 50 times over 1,000 hours.
From these tests, we found that samples coated with aluminxt@bited 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 steenderneath. However, both
the yttria-stabilized zirconia and magnesia-stabilizedizonia coatings showed no evidence
of failure, and appeared to withstand the experimental cyilg conditions. This positive
result was likely due to higher mechanical strength of thesmatings, and encouraged us to
pursue further testing. However, this was a limited samplez2, and it is true that optimized

plasma-sprayed alumina coatings may have produced a di ereresult.
6.2.3.3 Larger scale experiments

Having identi ed yttria-stabilized zirconia and magnesiastabilized zirconia as leading
candidate coating materials, we then progressed to tests physical components more similar

in size and shape to those of a commercial system. For thesg@exments, our samples
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included larger buckets with diameters and heights of 20 crand a 20 cm long pipe with a
2.5 cm diameter that expanded to 15 cm at the end, mimicking ¢hdumbbell shape of our
heat pipe design. To these components, we applied the samegmesia-stabilized zirconia
and yttria-stabilized zirconia coatings as in previous témg. We lled the buckets with solid
pieces of Al-Si, and in the case of yttria-stabilized zircoaj placed the heat pipe inside of
the bucket. We then heated the aluminum until it melted, and gcled the Al-Si through 50
solid/liquid phase changes over the course of20 days, with temperatures ranging slightly
above and below the Al-Si melting temperature of 57T (between 525-62%C).

The results of our larger scale tests on buckets and a heat pipre shown in Figure 6.1.
In the bottom right corner of Figure 6.1(a), and in Figure 6.1(p-(c), we see that the yttria-
stabilized zirconia coatings failed most severely. In botthe bucket and heat pipe, we
observed formation of layered cones at many di erent locaths. Due to the geometry of the
cones, it appears that growth starts from a single point, the expands with one additional
ring layer for each phase change cycle. This failure at a slagroint may be caused by a
defect from the coating process, or due to thermo-mechanicdresses, though the absolute
cause of failure is still unknown. However, as will be discessin Section 6.2.3.4, it is clear
that once the AI-Si penetrates through the coating to the stéesurface, the steel dissolves
into the Al-Si, and this new alloy pushes up the coating from bew. Given enough time
with the Al-Si in the molten state, this would lead to enough dsolution 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 Il 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 skwvn in Figure 6.1(a). The
di erence between these two buckets was that they were madg Wi erent manufacturers.
In the rst bucket (top right in Figure 6.1(a)), we observed delamination of the coating from

the side wall, near the bottom, where the bucket bowed outwdrdue to the manufacturing
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Figure 6.1: Larger scale plasma spray coating experimentalsuts. (a) Clockwise from

top left, we tested two buckets with a magnesia-stabilizedirzonia coating (Metco 210), a

bucket of yttria-stabilized zirconia (Metco 204F), and a deser magnesia-stabilized zirconia
coating (Metco 210NS-1). We observed mixed results with theduckets and with a heat

pipe that was coated with the yttria-stabilized zirconia, sown in panels (b) and (c). In

negative test results, layered cones grew from failure ptsnwith one layer per phase change
cycle. However, the denser magnesia-stabilized zirconia twog (Metco 210NS-1) appeared
to successfully contain Al-Si with no failure.
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process before coating. This de-lamination allowed the AI-CM 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. Aftethis result, we tested a
second bucket (top left in Figure 6.1(a)) that was made with m@ uniformly straight side
walls. Unfortunately, this bucket also experienced coatinfgilure, with formation of layered
cones (similar to those that formed on the bucket and heat pgpthat were coated with
yttria-stabilized zirconia). In this case, we found layer@ cones at several locations, all on
the bottom surface of the bucket. This may have been due to Higr thermo-mechanical
stresses in these locations, which could have caused crattiegt allowed Al-Si to reach the
steel surface and initiate corrosion. However, the apparéyntrandom locations of the layered
cones also support the hypothesis that the failure may haveebn due to defects in the coating
process. The true cause of the failure is still under invegttion, and further optimization
of the coating process may have produced di erent results.

In our nal large-scale test of plasma-sprayed ceramic coatls, 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 shown the bottom left of Figure 6.1(a).
In contrast with the previous negative results, this coatig showed no change in morphology
or failure at any location after exposure to phase change d¢gs of Al-Si. While we do not
have a de nitive explanation for why this coating succeedednder the same conditions as
the previous failures, two hypotheses still remain. The tsis that the the low porosity
(5-8% compared to 8-20% for the yttria-stabilized zirconiaoating) and high density of this
particular coating may have helped reduce the number of caag defects, preventing Al-Si
from reaching the steel at any location. A second possibyliis that the tank that we tested
with this coating was manufactured to higher tolerance, leting to fewer non-uniformities
which would have either improved the coating process or redett thermo-mechanical stresses.
Regardless, this coating appeared to e ectively act as a bér between the Al-Si and the

steel, and we then used it for our full prototype demonstrabins (Chapters 4 and 5).
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6.2.3.4 Prototype experiments

In our prototype demonstrations, we coated both the interioof a stainless steel thermal
storage tank (0.4 m in diameter and height) and three heat pgs (2.5 cm diameter in a 0.3
m long straight tube region and a 5 cm tall, 15 cm diameter coheavith the high density
magnesia-stabilized zirconia coating (Metco 210NS-1). lmeh experiment, we melted and
froze the AI-Si 10 times, and held the Al-Si at operating temperature for a tal of 30
days. During the experiments, we did not notice any degradan in performance or failure
from the perspective of the outside of the tank. However, afteeach experiment, we cut a
cross section of the tank and heat pipes to analyze the resufrom the interior perspective.
From the cross section of the rst prototype tank, we found a egative result that in some
locations the coating had failed and the tank wall had begurotdissolve into the Al-Si PCM.
There was no immediate consequence to this failure, but emghudissolution occured that
some locations at the bottom of the tank had reduced in thicless from 2.4 mm to 0.4 mm.
If we had continued the experiment for a few more cycles, wédily 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 expements in more detail, Fig-
ure 6.2 shows a cross-section of one of the heat pipes from tisé prototype, with the heat
pipe still embedded inside the solid Al-Si PCM. In Figure 6.2{ave 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 coang has been separated from the
steel surface, with the PCM between the coating and the steef the heat pipe. Analysis of
this region with energy dispersive spectroscopy is given kgure 6.2(c)-(i). Here, the ele-
ments of the coating (zirconium, magnesium, and oxygen) apar to remain in contact with
the steel surface until we reach an area where failure has oged. In this failure region, the
PCM elements (Al and Si) have penetrated underneath the coaty, and have reacted with
the steel. Both iron (Fe) and chromium (Cr) have dissolved o the Al-Si, though it appears

that more chromium is present in the corrosion zone, indicalg that its rate of dissolution
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Figure 6.2: Prototype coating results. Panel (a) shows a c®section of one of the heat pipes
embedded in PCM after our rst prototype experiment. In seveal locations, including the
one shown in panel (b), we observe failure with Al-Si penetriaig under the coating, reacting
with the steel surface, and pushing the coating away from thsteel. Energy-dispersive
spectroscopy of this location in panels (c)-(i) reveals thications where each element is
present. The coating (zirconium (Zr), magnesium (Mg), andxygen (O)) remains in contact
with the steel heat pipe until we reach an area where the PCMeazhents (Al and Si) have
come between the coating and the steel. Both primary elemeanof 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 expement occurred with the
same coating (a high density magnesia-stabilized zirconletco 210NS-1) and under similar
conditions as our nal bucket test that showed no signs of faire. We have not de nitively
determined the cause of this di erence, but there are sevénaotential explanations. One is
that, for the prototype, the coating process led to defectdtat 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 optirdjzéne coating may have had
defects that led to the failure that occurred. Another possie reason for failure of the
prototype coating compared to previous success is a di eremin thermo-mechanical stresses
on the coating. In the previous successful bucket cyclingste heat was input from the sides
and top of the bucket, whereas in the prototype, heat was inpudrom the bottom of the
tank. This, in combination with di erences in geometry, cold have led to di erences in
mechanical stress on the coating both due to temperature ages and phase changes of the
Al-Si PCM. Stress concentration could have caused the coatirto crack, allowing the Al-Si
to penetrate through the coating to steel surfaces. It is nogvident, from the tests that
we have done thus far, which of these (or other) theories isdlcorrect explanation of the
coating failure, and more work is still required to determia if the failure mechanism can
be overcome in the future by modi cation of the coating procss or changes to the system

design.
6.2.4 Chromium nitride coatings

In another set of experiments, we tested chromium nitride etings applied to steel sur-
faces by a plasma-enhanced physical vapor deposition pregeln this coating process, parts
are placed into a vacuum chamber with a small amount of gas thi& either inert or reactive.
A positive electric charge is supplied to the coating mateai, while the part to be coated
is controlled to a negative electric charge. lons of the caoagg material then ow to the

part, and deposit on the surface. This process is similar that previously discussed for the
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plasma-sprayed oxide coatings, but rather than using a sprgun for deposition, the process
involves xtures and fewer moving parts. In addition, the chhomium nitride coatings that we
considered were signi cantly thinner (2.5 microns) than te plasma-sprayed oxide coatings
(300 microns).

We were attracted to this process and chromium nitride coatgs because of their proven
success in aluminum die casting applications. In die casginmolten aluminum is injected
into a steel die at high pressure, then allowed to cool and &bfy before being removed. In
this industry, one issue is \soldering” of the aluminum to tle 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 corrosh and allows the casting to
be removed so that the mold may be re-used. The specic coagirthat we used has been

demonstrated to be able to sustain 16,000 cycles of this pess [143].
6.2.4.1 Experimental design

To prepare samples for this experiment, | began with straiglods of four di erent steel
materials (alloys 304, 316, 1060, and 440C), and rounded apdlished the ends of the rods
by hand using bu ng wheels and polishing compound (1 micron grit size). | selected a
variety of di erent steel samples so that | could investigat whether the steel chemistry and
properties would have an impact on the e ectiveness of the ating. | then had the samples
coated with a 2.5 micron thick chromium nitride coating (FotiPhy by Phygen Coatings).

| placed each sample rod (and one control 304 stainless stemhple that was polished but
not coated) into an alumina crucible, and lled each crucit# with 4047 aluminum-silicon. |
used a separate crucible for each rod so that if one of the ro@sgled, it would not a ect the
PCM composition that the other rods were exposed to. To measuthe temperature of the
PCM, | placed a thermocouple inside an alumina tube in the caible with the uncoated 304
steel sample. | then exposed the samples to 20 melt/freezeleg in a nitrogen atmosphere-
controlled furnace. Each cycle took slightly more than 2 haes, in which | heated and cooled

the PCM between 550-64(C - slightly above and below the melting temperature of 57T.
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After this cycling, | turned the experimental set-up upsidedown, and re-heated the PCM
until it melted out into a catch pan, so that | 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 # rods, as well as images
of the rod surfaces from scanning electron microscopy, befand after our experiment on
the chromium nitride coating. Qualitatively, we observed he formation of a green-blue
oxy-nitride Im (determined by energy dispersive spectrasopy) on the outside of all rods,
as seen in the photographs in Figure 6.3(b) and Figure 6.3(d). \Watribute this to the
presence of oxygen in the furnace during the experiment (wave seen evidence of oxygen in
previous experiments that have used this furnace). More sigcantly, we observed signi cant
corrosion in the case of the un-coated 304 stainless stea (Bigure 6.3(a)-(b)), but no change
to the surface of the coated 304 stainless steel rod (Figur&@)-(d)). In many locations of
the un-coated sample rod, we observed the formation of lagel cones, where the number
of layers matches the number of Al-Si phase change cycles (asrsin previous testing of
plasma-sprayed oxide coatings). However, no such cones drastcorrosion occurred on the
coated sample rod. This provides evidence that the coating both thermo-dynamically
stable in the presence of Al-Si and mechanically robust, asdltoating was able to withstand
exposure to 20 phase change cycles with no e ect.

This test provided an encouraging result, and demonstratetiat chromium nitride coat-
ings have some potential for future application in containent of Al-Si. However, in addition
to this positive result on the coated 304 stainless steel redmple, we did also observe failure
at the rounded corner of two of the rods that we tested (316 anti060 steel). This failure
occurred at a single location for each of the rods, and couléve been due to imperfections
in the polishing or coating processes, or due to stress comication at the rounded corner
that could have cause the coating to fracture. The exact cae®f 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 thgphcation of Al-Si containment.

Figure 6.3: SEM images of chromium nitride coating on the umeated sample (a) before
and (b) after the experiment, and on the coated 304 steel saitefc) before and (d) after the
experiment. The coating provided corrosion resistance all éocations on this rod. However
failure of other rod samples shows that further testing is messary 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 oferamic materials is atomic
layer deposition (ALD). In this method, a sample is placed inde of a chamber, and a series
of reacting gases are passed through the chamber. The gascteavith the surface of the
sample, forming a coating layer that is exactly 1 atom thickThen 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 untilhte desired coating thickness is
reached.

ALD is attractive because it can be applied to very large partaith complex geometries,
but still produce a conformal, defect-free coating. This ges it potential for low-cost, scalable
coatings. Thus, we performed an initial test of an ALD alumia coating on stainless steel
rods to investigate whether or not the coating could withstad 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 byt@nic layer deposition.
For these samples, we used 15 cm long, 1 cm diameter tubes mafd@16 stainless steel with
closed, rounded ends (Omega SS-38-6CLOSED). We electroigiwd two of these tubes for
3 minutes, and left the other two rods un-polished. We then pted all four rods into an
apparatus that held the open end of the rod but left the rest ofhe rod exposed inside an
ALD chamber. We performed 500 gas ow cycles at 200, which deposited a 77 nm thick
alumina coating (measured by ellipsometry).

My method of testing these samples was nearly identical to myethod previously de-
scribed for evaluating the chromium nitride coatings. | pleed each sample rod (and one con-
trol sample that was not coated) into an alumina crucible, ath lled each crucible with Al-Si.
| then exposed the samples to 20 melt/freeze cycles in a nigren atmosphere-controlled fur-
nace. Each cycle took 3 hours, in which | heated and cooled the PCM between 545-600
- slightly above and below the melting temperature of 57T. After this cycling, | turned the
crucibles upside-down, and re-heated the PCM until it melgk out into a catch pan, so that

| could retrieve the samples for post-experimental analysi
6.2.5.2 Results

Figure 6.4 presents results from our cycling experiments ohd ALD-coated rods. From

left to right in Figure 6.4(a), we show a photograph of (i) an aseceived rod, (ii) the control
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test of an un-coated rod exposed to melt/freeze cycles in Al;$ii) a coated rod exposed to
the same conditions, and (iv) a coated rod that was also expgbsto the same conditions, but
then placed in a bath of 3 molar hydrochloric acid to remove lalesidual aluminum from the
surface. We see a signi cant amount of aluminum stuck to thexposed rods, but this has
been removed from the sample that was placed in the hydrochlowacid bath. Unfortunately,
we observe no di erence in the results from the un-coated tdé¢ coated rod samples. The
atomic-layer-deposited alumina coating does not appear twave provided any barrier to
corrosion.

While this experiment provided a negative result, it is inteesting that as in previous ex-
periments, we observe formation of layered cones on both the-coated and coated samples.
In Figure 6.4(b), we provide scanning electron microscope EBl) images of these layered
cones, and see that there are approximately 20 layers - ongdafor each melt/freeze cycle
of the experiment. As a di erent view of this result, in Figure 64(c) we show an SEM image
of the coated sample that, after the experiment, was placed a bath of hydrochloric acid
to remove all residual aluminum. As the hydrochoric acid reéed with the aluminum, it
penetrated underneath the cones and removed material froneteath the surfae of the steel
rod. This clearly demonstrates that the steel rod had begurotdissolve into the Al-Si, which
con rms our previous work discussed above. Finally, | also tethat this test was done on
a single sample, with one attempt at the ALD coating processt is still possible that with
improved sample preparation and an optimized coating prosg, this coating and method

could still result in a reliable solution for Al-Si containnent in the future.

6.3 Discussion

In this chapter, | have summarized several experimental erts to nd a reliable contain-
ment system for Al-Si. Initial testing of monolithic materids con rmed that several di erent
ceramics were compatible with Al-Si. With this result, we thennvestigated several di er-
ent methods for applying ceramic coatings to steel surfaceshich had potential for both

high reliability and high thermal performance. In testing pasma-sprayed oxide coatings, we
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Figure 6.4: ALD coating test results. The coating did not appeato have provided any
corrosion resistance, as we observe similar results on thenitol uncoated sample to the
coated sample in panel (a). In panel (b), we observe formatioof layered cones, with
approximately one layer per thermal cycle. After immersionni an hydrochloric acid (HCI)
bath to remove aluminum that remained on the outside of the mh in panel (c) we see
dimples that indicate that the steel rod is dissolving into he PCM. Note: the boxes in panel
(a) are approximate locations of panels (b) and (c), but areat to scale.
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performed steady-state and cycling experiments on rod salap, and larger scale tests on
buckets, a heat pipe, and our prototype system. From these gariments, we found mixed
results, with success in some tests but also many failuresatrmay have been due to coating
defects or thermo-mechanical stresses. Next, we tested chiom nitride coatings deposited
by physical vapor deposition, which mostly showed succagsprevention of corrosion, but
also failed in some locations. Finally, we tested an aluminabating deposited by atomic
layer deposition, but this coating did not appear to provideany corrosion resistance.
Throughout our experimental campaign, we did not demonstta a coating that could
reliably contain Al-Si for a long duration, and thus future wak is still required for devel-
opment of this technology. However, multiple methods that wenvestigated (plasma-spray
coatings, chromium nitride coatings) showed some successésults, and other methods (so-
lution processing, atomic layer deposition, and others) atd still be further developed and
optimized to provide a solution to Al-Si containment. This faure work could identify the
operating parameters necessary to deposit reliable coas) or could inform system design
changes that could reduce thermo-mechanical stresses.uécessful, a low-cost, high thermal
performance containment system would enable our solar pawewer 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 etiécity sector, by enabling
growth of clean electricity from variable generators suchsaphotovoltaics and wind power.
Among energy storage technology options, thermal energy sdge is particularly attractive
due to its low incremental storage cost. Further, TES can beombined with concentrating
solar power as a low-emission and e cient source of heat inpuTo leverage these advan-
tages, TES for CSP is currently being investigated by univsities and in industry, with
several competing system designs and fundamental methodisirage. Latent heat storage,
which stores energy in the phase change of a material, hassicant potential because of its
high energy density. This high energy density means that gna small volume of material
must be used to store a large amount of energy, leading to coagp storage systems with
low overall cost potential. However, development of matedgmand successful system designs
for latent heat storage is challenging, and requires sigmant progress before it can be de-
ployed commercially. With this motivation, my thesis has foased on advancing material
development and successfully integrating PCMs into thernhatorage systems for CSP.

In the rst paper of this thesis, | presented a new method to aluate the impact of
material selection on the performance and cost of concertireg solar power. My holistic
system model took all critical PCM properties as inputs, anéstimated the resulting LCOE
for a system using this PCM. My modeling method used a very geral treatment of other
system components (eld, tower, receiver, heat exchangerpower block) so that it was
widely applicable to a wide range of potential CSP system dgas. 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. Identi ed several promising

candidate materials that should be considered for furtherevelopment, and discussed the
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explicit impacts that these materials have on the rest of theystem. Other researchers will
also be able to apply my model to their speci ¢ designs, and &uate di erent materials to
identify the best option for their design.

In the second major contribution of this thesis, | worked wh several collaborators to
develop a new concept of a solar power tower that could levgmthe advantages of Al-
Si as a PCM. Our proposed system was distinct from previous rkofor several reasons.
We designed the entire system to be held on top of a tower, to mnize the length of
pathways for heat ow, thereby minimizing heat losses and sb cost. We invented a new
valved thermosyphon design, making the system dispatchabbut while still maintaining
simplicity and low operation and maintenance requirementsOur design was also unique
in our method of solar concentration and system size. Preus work has either attempted
to integrate thermal energy storage with a dish concentratpor has considered designs for
large scale CSP. Our system was much smaller 100 kW, rather than 100 MW, but still
used a heliostat eld to concentrate sunlight. This allowedis to reach high optical e ciency
(70% instead of 50% on an annual basis), but also allowed ususe a simple tower support
rather than a moving mechanical arm.

To evaluate this novel concept, | built an integrated perfanance and cost model with
original calculations in MATLAB. My performance model charaterized several important
aspects of the design, with predictions of small temperatargradients (high exergetic e -
ciency) in the PCM and valved thermosyphon. My model also pvided optimization of heat
pipe spacing and insulation thickness. By considering trarent responses of the system, my
model also con rmed that our design could be e ectively useds a peaking plant, with rapid
response to desired changes in power output. | also used #IBOT to model performance
of the heliostat eld, and SAM to simulate performance over th entire lifetime of the plant.
Finally, my techno-economic analysis evaluated the potenii LCOE of the system. The
results showed that, if commercialized, the system has thetential 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 smdlsize.

With encouraging results from model predictions and subsysin demonstrations, the
next step in my thesis was to demonstrate a fully integratedrptotype. For our rst proto-
type, we built the key components of the system that would bedhd on top of a tower. Our
thermal storage system included 100 kg of Al-Si to store 13 kWHi thermal energy, making
it one of the larger lab demonstrations that has combined laht heat storage with elec-
tricity generation. Our experimental results showed that or subsystems (thermal storage
tank, valved thermosyphon, and heat engine) could be e eetly integrated together, and
demonstrated successful thermal control and uniform tempsures 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, | led e orts to improve design andx@erimental methods, with
a goal of signi cantly increasing system e ciency. Due to tehnology readiness level, we
shifted away from thermoelectric generators and instead ed a Stirling engine for electricity
generation. We also changed our heater design, increasirg trate of heat input, and
improved our selection of insulation to reduce thermal loss. The resulting improvement
from our changes was signi cant: we increased power outpuy liwo 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 demonstrate8.6% e ciency on a daily basis.
These e ciencies were higher than any other previously demstrated systems that combined
latent heat storage with electricity generation, and prowded sign ciant progress towards our
prediction that we could reach near 30% conversion e ciencgnd 18% annual e ciency in
a commercial system.

To build upon this thesis with future work, a key breakthroudy is still required in reliable
containment of Al-Si. My experimental e orts investigated gveral potential solutions for this
challenge, and helped identify potential issues and areaw improvement. In initial tests,

we showed that standard metal construction materials woulchpidly corrode with Al-Si. We
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showed that multiple ceramic materials have thermodynamigtability with exposure to Al-Si.
We also tested multiple types of coatings, including plasmsprayed oxides, physical-vapor-
deposited chromium nitride, and atomic-layer-depositedl@amina. Some coatings appeared
to be successful, but we also identi ed through cycling testthat mechanical strength of the
coated material is an important consideration. Broadly, oue orts provided mixed results,
and our system still lacks demonstration that it could relialy operate for 25 years. Several
di erent methods have been proposed by other researchersidacould be leveraged for future
success. The possibility of nding a solution is certainlyefasible, but these ideas still need
to be evaluated for our speci ¢ concept, with experimental ppof of reliability.

The lasting e ects of this thesis will be in thermal and cost radeling methods, insights
regarding PCMs and their impacts on CSP systems, and expeemial demonstration of a
new solar power tower concept. My published papers will heipform others about how
to select materials and design latent heat storage systenand provide tools for others to
e ectively evaluate alternative TES concepts. My performace and cost analysis of our novel
solar power tower design will provide motivation for futurecommercial development, with
much lower risk due to successful experimental demonstratis. My work will also inspire
development of similar systems that learn from and build upomy progress. Broadly, | hope
that the work | have done for this thesis provides a contribubn to global e orts to provide

clean, reliable electricity and reduce the e ects of climat change.
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