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Thermal energy storage technologies have many applications, from grid-scale energy storage to building
space cooling and heating storage. When packaged into a device, these “thermal batteries” contain a
storage material, heat exchangers to supply and extract the stored heat, and insulation to prevent the
stored heat from escaping. Energy can be stored through sensible, latent, or thermochemical heat, with
latent heat “phase change materials” (PCMs) being among the most common. While much ongoing
work focuses on reducing the cost of either the PCM, the heat exchangers, or the insulation, herein we
evaluate the cost scaling analysis wholistically to consider the entire system cost. We show how costs
scale with certain characteristic lengths and the tradeoffs thereof. Our analytical framework reveals that
the optimal PCM thickness (which minimizes the $ per kW h cost of the thermal battery) is often on the
order of cm and depends exactly on the PCM properties and operational parameters. For example,
improving the thermal conductivity of n-tetradecane by adding graphite filler reduces the thermal
battery cost from $155 per kW h to $69 per kW h, and further improving the properties (density and
latent heat) to the Department of Energy aspirational target reduces the thermal battery cost to
$24 per kW h (for a C-rate of C/4). Our methodology applies to thermal storage systems of many
geometries, requiring only knowledge of how the geometry affects the device state of charge. We
provide a cost regime map with three regions: one in which the PCM cost dominates, one in which the
heat exchanger costs dominate, and one in which insulation costs dominate. From the regime map, we
also derive figures-of-merit for PCM thermal storage materials corresponding to the three different
cost-dominant regimes.

Buildings account for nearly 40% of all U.S. energy use. Both heating (space and water heating) and cooling (space cooling and refrigeration) are the two largest
end uses of building energy, and air conditioning energy consumption is projected to grow faster than any other use. To achieve a more environmentally and
economically sustainable future, thermal management in the built environment must become more efficient and less expensive. However, thermal
management is often needed when it is least efficient. For example, air conditioning is needed during the hottest part of the day, but that is also when it
is least efficient. Ideally, the air conditioner would be run at night, when cooling cycles are efficient and electricity is cheap. This mismatch can be overcome
with “thermal batteries”, in which a material stores heat (or cooling) and later discharges it to the thermal load. This can be used not only for thermal

management in the built environment, but also for energy storage in power plants. However, existing thermal batteries are expensive, hindering their adoption.
In this work, we develop a framework to optimize system design and select storage materials that minimize thermal battery cost.

Introduction

Energy storage technologies have the potential to reduce opera-
tional costs, improve energy efficiency, and provide environmental
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storage' ™ enables energy generated by intermittent renewable
energy sources to be delivered on-demand; energy can be stored
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energy is scarce. Well-explored grid-scale storage technologies
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include pumped hydro,> compressed air,” mechanical flywheel,”
electrochemical batteries,® and thermal batteries.”'® Amy et al.
described a thermal battery that could achieve a far lower cost
than traditional electrochemical batteries, highlighting the
potential of thermal batteries as cost effective methods of energy
storage.'!

Thermal batteries are useful not only for grid scale energy
storage, but also for thermal load shifting in buildings.'®**7*
To keep occupants comfortable, a building in a hot climate
must be cooled, with the most cooling being necessary during
the hottest part of the day, which is the time when the cooling
system will be least efficient. In addition, the hottest part of the
day often is when electricity is most expensive due to peak-hour
electricity pricing. Conversely, the cooling system will be most
efficient and cost-effective at night when the outside tempera-
ture and electricity costs are lowest. The inverse scenario occurs
when a building is in a cold climate and must be heated; a heat
pump is most efficient when the outside temperature is
high but needed most when the outside temperature is low.
A thermal battery alleviates this issue, allowing heat (or cold)
to be stored when the heat pump or refrigeration system is
efficient and discharged on-demand.

The three main thermal storage media are sensible storage
materials, phase change materials (PCMs), and thermochemi-
cal storage materials (TCMs)."” Sensible materials**** store
energy entirely through the sensible heat that accompanies a
change in temperature. These materials have low energy den-
sities, which limits their cost-effectiveness. PCMs>**>® store
only a small portion of their energy through sensible heat, with
most of their storage capacity coming from the latent heat
associated with phase change (often solidification or melting).
As such, PCMs have far higher energy densities than sensible
storage materials. TCMs>°~>* store most of their energy through
endothermic or exothermic chemical reactions, giving them
even higher densities than PCMs. However, TCMs currently
suffer from stability/cyclability issues®* and TCM thermal bat-
teries have not yet been widely deployed. In existing thermal
batteries, PCMs are often used, due to the high energy density
associated with phase change and the ability to discharge heat
at a steady temperature for long durations.****** As such, this
work focuses mostly on PCMs, but we also extend our analysis
to sensible storage in the ESIt (Note 12). Additionally, we
provide a discussion of what can be done to apply our analysis
to TCMs in future works.

Currently, ongoing research and development focuses on
creating better thermal energy storage materials with higher
volumetric energy densities at lower costs. However, a thermal
battery (system) will always have a higher cost than the cost of
the storage material alone, due to the existence of heat exchan-
gers, insulation, and other system components. To date, much
of the thermal storage literature discusses storage material
cost,**7 but few present a comprehensive analysis of system
cost. The works that do focus on system cost do not often
analyze the optimal geometry to minimize cost, nor do they
discuss how the storage material properties affect the optimal
geometry and impact cost."™'” A cost scaling analysis is a
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powerful tool to: (i) quantify the individual contributions to
the overall cost of a system, (ii) understand how these con-
tributions scale with geometric parameters, and (iii) minimize
the cost of the system through optimization. This type of
analysis is lacking within the body of thermal storage literature
and would serve as a powerful tool in the push for thermal
storage systems that can serve as a cost-effective means of
energy storage across different scales of both storage time
and capacity.

In this paper, we present a cost scaling analysis of phase
change thermal batteries. This cost scaling methods has previously
been applied to other technologies, such as thermoelectrics.*®
We provide a broadly applicable technique for the minimization
of the $ per kW h cost of a thermal battery system, based on
optimization of the geometry, in particular the characteristic length
scales. We also show how the heat exchanger and insulation costs
scale with these characteristic lengths, and how these lengths affect
the battery efficiency, all of which affect the system cost. Finally, we
present a regime map with three different regimes: one in which
the storage material costs dominate, one in which heat exchanger
costs dominate, and one in which insulation costs dominate.
We then present the thermal storage material figures-of-merit for
each regime.

Thermal battery state of charge limitations

An important parameter in the operation of a thermal battery is
the state of charge (SOC). Recently, Woods et al. provided a
framework that illustrates the analogy between electrochemical
batteries and thermal energy storage devices.>® At a given
instant, the electrochemical battery has some SOC, which is
the fraction of the total energy capacity that is currently stored
within the battery. Due to internal resistance losses, the elec-
trochemical battery supplies power at a lower voltage than the
open circuit voltage, and the supply voltage drops as the battery
is discharged. Eventually, the supply voltage reaches some
cutoff voltage, at which point the battery can no longer supply
the required power, even though there is still some charge
within the battery.

Woods et al. showed that PCM thermal batteries exhibit a
similar behavior.?>** Consider a thermal battery that must
provide heat transfer at a constant rate. The supply temperature
drops (for hot storage) or increases (for cold storage) as the
thermal battery is discharged because internal thermal resis-
tances increase during discharge (e.g., the liquid region grows
during melting of a phase change material). Eventually,
the supply temperature reaches a cutoff temperature (Teycoft),
which is the temperature that the thermal load is not allowed
to exceed. Notably, the thermal storage material has some
“charge” left within it when the load reaches the cutoff
temperature; in other words, it could still provide some heat
transfer to the load. However, it would not be able to provide
that heat transfer without either the temperature of the load
exceeding Teuworr (Which is not allowed) or the rate of heat
transfer dropping below the prescribed constant value (which
is also not allowed). This results in a portion of the thermal
battery’s storage capacity being inaccessible during discharge
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at a constant rate, a phenomenon described by Woods et al. in
their seminal “thermal Ragone” work.>*

Woods et al. showed that several parameters affect the
thermal capacity that can be extracted from the battery before
the cutoff temperature is reached; we call the fraction of thermal
capacity that is extracted before cutoff ASOC. We define ASOC as
the enthalpy change during discharge (from a fully frozen state at
some average temperature below melting to a partially or fully
melted state at some average temperature below the cutoff
temperature) divided by the total storage capacity (from fully
frozen and uniform at the charged temperature to fully melted
and uniform at the cutoff temperature); this is illustrated for cold
storage in Note 14 (ESIt). Quantities that affect ASOC include
operational parameters like the cutoff temperature and the rate at
which the battery is discharged (i.e., C-rate), material properties
like the PCM thermal conductivity and latent heat, and geometric
parameters like the PCM thickness. Woods et al. found that ASOC
decreases with increasing PCM thickness,* but this also increases
the storage capacity, making the heat exchangers’ contribution
to system cost less significant. This presents the opportunity
to minimize the thermal battery cost as a function of the PCM
thickness.

In our analysis, the limitations on SOC (and therefore cost)
result from the constraint that the thermal battery must
discharge at a constant power. Contrary to discharging, we
assume that charging does not need to occur at a constant
power and that there is plenty of time to allow the storage
material to reach a uniform temperature during charging.
This significantly reduces the consequences that the charging
process has on system cost. The few aspects of the charging and
storage processes that do affect cost (e.g., subcooling and
storage time) are discussed in Note 1 (ESIt).

Development of the $ per kW h cost metric

A complete thermal storage system will include costs of the
storage device (e.g., storage material, heat exchangers, insula-
tion, etc.), costs of the system that connects the thermal battery
to the load (pumps, heat transfer fluid, etc.),"* and labor costs
to fabricate and install the system. This study focuses on the
costs of the storage device itself (ie., the thermal battery),
which we refer to as G, in units of $ per kW h. Though we
focus on latent heat thermal storage, we also present an
analysis of sensible heat thermal storage in Note 12 (ESIY).

Common to phase change thermal storage devices is the
presence of a PCM, heat exchangers (to allow the PCM to
exchange heat with the thermal load), and insulation (to prevent
the PCM from losing its capacity during storage); other compo-
nents may exist in certain systems, but these three elements are
always present in (latent heat) thermal batteries. The cost of the
PCM scales with the PCM volume (Vpcy) and density (ppcm), with
the proportionality constant being the PCM cost per unit mass,
cpem [$ per kgl

Heat exchanger costs generally scale with the heat transfer
coefficient (Uiy) and the surface area of the heat exchanger (Ay),>’
giving a proportionality constant cyx in units [$ per W per K].
If other costs scale with the heat exchanger area (for example,
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a sealant then needs to be applied to the heat exchanger), then
these costs can be lumped into cyx by first dividing them
by Uux. If the insulation material is fixed (i.e., the thermal
conductivity is fixed) the insulation costs scale with the R-value
(R.,), since the R-value is equal to insulation thickness divided
by thermal conductivity, and the insulated surface area (4;s),
with a material-dependent proportionality constant ci,s in
[$ per m* per K per W]. The insulated surface area is also the
external surface area of the device, and there will likely be other
costs that scale with this external area, such as the cost of the
tank or device housing. As with the heat exchanger, these areal
costs can be lumped into ¢, by dividing them by R;/ns. The sum
of all of these component costs gives the total system cost C [$]:

C = cpemppem Veem + cax Unx Aux + Cins Ry Ains (1)

The cost of a thermal battery, G, in [$$ per kW h] can be
written as the system cost C [$$], divided by the thermal storage
capacity [kW h]. The total capacity of the PCM is VpcmSpem,
where Spcy is the volumetric energy density of the PCM.
However, as explained by Woods et al., not all of the PCM
capacity can be discharged at the desired power.>* As such, the
usable capacity of the thermal battery is the product of the
total PCM capacity and the SOC that can be accessed during
discharge.

G

_ cpeMppem Vrem + cux Unx Aux + Cins Ry, Ains 2
Vpem SpemASOC

Upon algebraic rearrangement to create dimensionless
CPCMPPCcM

PCM
the PCM cost per unit thermal storage [$ per kW h] and is the

innate cost-scaling (pre-factor) for thermal storage. What this
means is that the thermal battery system cost (G) will always be
greater than the PCM cost (G,) due to the presence of other
components (heat exchangers, insulation, etc.). In this work,
Spcm includes the PCM latent capacity and the sensible capacity
of the phase in which the PCM is stored (e.g., the solid phase for
cold storage).

The expression for G has some costs factors that scale with
PCM volume and others that scale with certain areas. The ratios
of the volume to these areas are characteristic lengths. The first
characteristic length appears in the equation for heat transfer
to the PCM from the heat exchanger (Lg = Vpom/Anx [m]). L is
simply the PCM volume divided by the interfacial surface area
between the heat exchanger and PCM. For a rectangular slab of
PCM, L. reduces to the thickness of the PCM slab. The second
characteristic length appears in the equation for the heat
transfer between the PCM and the surroundings, which occurs
through the insulation (Ls = Vecm/Ains [M])- Ls is simply the ratio
of the PCM volume to the surface area of the PCM that must be
insulated. There are also two ‘“cost lengths” that arise as ratios
of the cost proportionality constants: Lyyx and Lins. Lk is the
areal heat exchanger cost [$ per m”] divided by the PCM
volumetric costs [$ per m®] (Lux = cuxUnx/(cpemprom)), giving
units of [m]. The latter is the areal insulation cost [$ per m?]

groups, a pre-factor emerges, Gy = , which represents

This journal is © The Royal Society of Chemistry 2024
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divided by [$ per m®] (Lins =
cins Ry /(cpemppen)), also with units of [m]. These are not
physical lengths within in the system, but they do have units
of length (hence the term “cost length”). Using these charac-
teristic lengths, as well as the pre-factor G, the thermal battery
cost can be written as dimensionless groups:

LHX +Lins
Lc ' Lg

the volumetric costs

G 1
Gy ASOC( 3)
In the expression for G/G,, the cost scaling factors are Lyx/Le,
and Lins/Ls. The first (unity) term is the PCM material cost
scaling factor, Lyx/L. is the heat exchanger cost scaling factor,
and L;,¢/Ls is the insulation cost scaling factor. While Ly is the
heat exchanger cost per unit area [$$ per m®] divided by the
PCM cost per unit volume [$$ per m®], Lyx/L. is the heat
exchanger cost [$$] divided by the PCM cost [$$], such that
Lyx/L. is dimensionless. As such, a value of Lyx/L. = 1 means
that the PCM and heat exchanger are equally contributing to
the total device cost. Other normalizations and dimensionless
groups can exist; however, we find this approach to be the most
intuitive given the prevailing emphasis on the PCM material
cost. This particular nondimensionalization is also useful for
several reasons. First, the storage material cost per unit storage
capacity (G,) is widely reported for many thermal storage
materials and serves as the minimum value that the system
cost can take. Then, G/G, serves as the storage material cost
multiplier that yields system cost; a value of G/G, far greater
than one indicates that the thermal battery cost is dominated
not by the storage material but by the other components.
Finally, nondimensionalizing the cost in this way allows for a
direct comparison between thermal batteries that utilize sto-
rage materials with similar G, values, elucidating the effect that
other material properties (e.g., thermal conductivity of the
storage material) have on system cost (Table 1).

Determining the fractional SOC as a function of system
geometry

It is important to understand the effect that ASOC has on the
thermal battery system cost. Upon observation of eqn (3), it
might initially seem wise to maximize ASOC. However, accord-
ing to Woods et al., this is achieved by making the PCM layer as
thin as possible.** This results in very little PCM for a given
heat exchanger size. This in turn drives up the $ per kW h cost
of the thermal battery because the heat exchangers, while

Table 1 Description of quantities used in cost scaling analysis
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Fig. 1 Illustration of a thermal battery. (a) A 3-D schematic of a simple
thermal storage system. Some of the insulation (pink) is removed to show
the cutoff of the internal system. The device consists of layers of PCM,
attached to rectangular duct heat exchangers filled with heat transfer fluid.
The heat transfer fluid returning from the thermal load enters at the top
of the device (depicted as red for high temperature) and leaves at the
bottom (depicted as blue for low temperature) to be sent back to the load.
(b)—(d) Illustrations of PCM slabs ranging from very thin (b) to very thick (d).
Any slab thinner than the maximum thermal penetration depth (b) and (c)
will melt completely before cutoff is reached, extracting nearly all of its
storage capacity. If the slab is sized to be greater than the maximum
thermal penetration depth, none of the PCM beyond the penetration
depth will melt, and the storage capacity of the solid portion will be
entirely wasted.

necessary components, contribute to system cost without con-
tributing to the thermal storage capacity. Ideally, the heat
exchangers would not contribute to the system cost at all
(Lux/Le = 0). It might then seem wise to add as much PCM to
the thermal battery as possible, as this would give more storage
capacity without increasing the heat exchanger size. However, if
the amount of PCM is very large, then by the time the cutoff
temperature is reached, the heat transfer will not have pene-
trated through the entire PCM. This is illustrated for a rectan-
gular thermal battery in Fig. 1. In Fig. 1b, the PCM slab is thin

Quantity Units Description

L. m PCM volume per heat exchanger surface area

L m PCM volume per device external surface area that must be insulated
Lyx m Heat exchanger cost per unit area, divided by PCM cost per unit volume
Lyx/Le Unitless Heat exchanger cost, divided by PCM cost

Lins m Insulation cost per unit area, divided by PCM cost per unit volume
Lins/Ls Unitless Insulation cost, divided by PCM cost

G $ per kW h Thermal battery cost per unit usable storage capacity

Go $ per kW h PCM cost per unit total storage capacity

G/Gy Unitless Dimensionless thermal battery cost

This journal is © The Royal Society of Chemistry 2024
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and melts entirely by the time cutoff is reached. In Fig. 1c, the
slab is thicker, but the melting front still propagates all the way
through the PCM before cutoff is reached. In Fig. 1d, the
melting front does not reach the edge of the PCM slab by the
time cutoff is reached, so a portion of the PCM thermal storage
capacity is entirely unused. In Fig. 1b the PCM slab is thinner
than the maximum thermal penetration depth, while in Fig. 1d
the PCM is thicker than the thermal penetration depth. In a
real thermal battery, ASOC would be slightly higher for the thin
slab in Fig. 1b than for the thicker slab in Fig. 1c, because the
temperature drop across the slab is smaller in Fig. 1b (allowing
more of the sensible capacity to be discharged). However, in our
simplified analysis, we neglect the sensible capacity of the
liquid phase, so both Fig. 1b and ¢ would have a ASOC of unity
(assuming no losses during the storage period).

In this work, we focus mainly on a thermal battery with the
geometry illustrated in Fig. 1. For this geometry, we derive
ASOC as a function of L. and Ls in Note 1 (ESIt), and we derive
the maximum thermal penetration depth (L ) as a function of
the material properties (such as latent heat of melting) and the
operation parameters (such as the cutoff temperature) in Note 2
(ESIY). The expression for L., is provided in eqn (4).

kpem
Lcp, = 4
P T 2Uux

In thermal batteries, ASOC takes on a value less than unity
due to losses that occur during discharge (as discussed above)
and losses that occur during storage. One important approxi-
mation that was made is that the sensible capacity of the liquid
phase is negligible; this was necessary to obtain a simple
analytical expression for ASOC that is used later in the paper
to derive PCM figures-of-merit. In Note 5 (ESI{), we show that
this approximation has little effect on the general results of the
heat transfer and cost analyses. In eqn (4), kpcy is the thermal
conductivity of the phase through which heat is propagating
during discharge. For cold storage (as depicted in Fig. 1), the
thermal resistance occurs through the liquid phase, so kpcm is
the thermal conductivity of the liquid PCM. For hot storage,
kpcwm is the thermal conductivity of the solid phase (we show
that this is the case in Note 2, ESIf).

The relevance of the thermal penetration depth is not
unique to the geometry in Fig. 1. Latent heat thermal batteries
of other geometries (such as the cylindrical geometry analyzed
in Note 11, ESIf) and sensible heat thermal batteries (such as
the one analyzed in Note 12, ESI{) also have thermal penetra-
tion depths, beyond which a negligible amount of heat has
penetrated at the time cutoff is reached. Any material beyond
this thickness goes unused and its thermal storage capacity is
wasted. This constrains the thermal battery design and places
an upper bound on the thermal storage material thickness. As
we will demonstrate through the following analysis, the cost-
optimized design will have a thermal storage material thickness
(Lc) somewhere between zero and this thermal penetration
depth (L.p). If the storage material is costly, the optimal
thickness will be closer to zero; whereas, if the heat exchanger

(]HX2 ( Tcutoff - Tm)
kpcm Spem Crate

+1-1 @)
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is costly (which is often the case), the optimal thickness will be
equal to the thermal penetration depth. The heat exchanger
is deemed costly relative to the PCM if Lyx/L., > 1, while
the PCM is deemed costly relative to the heat exchanger if
Lyx/Lep < 1.

In Note 1 (ESIt), we find that the optimal value of Ls would
be infinitely large. However, for a thermal battery with a
finite capacity, Ls is constrained to some maximum value,
Ls max, Which we derive in Note 4 (ESIf). The insulation is
deemed costly when compared to the PCM if Lig/Lg max > 1,
while the PCM is deemed costly relative to the insulation if
Lins/Lsmax < 1.

Results

$$ per kW h minimization of thermal batteries

For the thermal battery depicted in Fig. 1, the effect of PCM
thickness (Lg) on system cost is illustrated in Fig. 2, using the
same n-tetradecane/graphite PCM that Woods et al.>* consi-
dered in their work. James et al.’® considered an areal heat
exchanger cost of $$39 per m> based on the cost of aluminum
in microchannel heat exchangers, but this did not consider
additional costs (manifolds, brazing, etc.). As such, we consid-
ered a baseline heat exchanger areal cost of $$50 per m” in
most of our analyses. For the insulation, we considered fiber-
glass (Note 6 contains the relevant cost and thermal resistance
values, ESL.T). The vertical axes of the plots in Fig. 2 corre-
sponds to dimensionless cost (G/G,). The horizontal axes
correspond to the characteristic length of thermal discharge
(Lc), which is also the PCM thickness. We provide curves for
different thermal conductivities and latent heats of fusion.

In Fig. 2a, the system cost is plotted as a function of PCM
thickness for three different thermal conductivity values, with
all other properties held constant. High thermal conductivity is
known to be desirable for thermal storage materials,>**° and
Fig. 2a illustrates its benefits to system cost. By increasing the
thermal conductivity, the minimum achievable system cost is
reduced. The mechanism by which an increase in thermal
conductivity reduces system cost is that a higher thermal
conductivity results in a greater thermal penetration depth.
This allows the heat to propagate further into the PCM by the
time cutoff is reached, allowing more PCM to be used in the
thermal battery, thereby increasing the storage capacity and
reducing the contribution to the system cost from the heat
exchangers. In Fig. 2a, all three curves have the same G, value
of $47.03 per kW h, since thermal conductivity does not
explicitly affect G, (materials with higher thermal conductiv-
ities are likely to be more expensive, but for simplicity we kept
the PCM cost constant in Fig. 2).

In Fig. 2b, we again plot the dimensionless system cost as a
function of PCM thickness, this time with different curves for
different latent heats. Upon initial observation, it may seem as
though the latent heat has no effect on system cost, because the
minima stay at roughly the same G/G, value. However, it is
important to recognize that G/G, is the dimensionless system

This journal is © The Royal Society of Chemistry 2024
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Fig. 2 Plots of the dimensionless thermal battery system cost (G/Gp) as a function thermal discharge length (Lc), with curves for different thermal
conductivities (a), different latent heats (b), different PCM costs (c), and different C-rates (d) and (e). The baseline properties in (a)—(d) are
k=10 Wm K™ hg =167.98 kI kg™, cpcm = $$2 per kg, and Crate = 1 h™2, with the black curve in all four plots representing the baseline case. The
properties in (a)—(d) correspond to n-tetradecane with graphite additive, while (e) corresponds to ice. A full list of the material properties used in this
analysis are given in Note 13 (ESI¥). In all plots the system was sized such that Ls = 0.01 m (an arbitrary value of Ls that is smaller than Lg max for

the entire range of L¢ values considered).

cost, and the [$ per kW h] system cost (G) is found by multi-
plying the dimensionless cost (G/G,) by the PCM cost (Gy).
Then, observing that G, decreases with increasing latent heat, it
is clear that a greater latent heat reduces system cost. Mean-
while, in Fig. 2¢, the decreasing the PCM cost increases the
dimensionless cost but decreases Gy, such that the system cost
(G) remains approximately constant (as it is dominated by the
heat exchanger cost). The one exception is for cpcp = $10 per kg,
as this is a high enough PCM cost to cause G to increase, since
the PCM begins to dominate system cost at this high cpcm.
If cpcm were high enough that Lyy/Le « 1, the dimensionless

This journal is © The Royal Society of Chemistry 2024

cost collapses onto the dashed purple line in Fig. 2c, at which
point the minimum achievable system cost is simply G,.

In Fig. 2d, we plot the dimensionless thermal battery cost for
n-tetradecane with graphite filler at different C-rates; we pro-
vide a similar plot for ice in Fig. 2e. The optimal PCM thickness
is smaller for ice than for n-tetradecane + graphite, due to the
low thermal conductivity of ice. Because these two PCMs have
different G, values, the dimensionless cost cannot be directly
compared; we compare them on the basis of G in Fig. 3. Fig. 2d
and e indicate that the system cost increases with C-rate.
Because the C-rate is the rate at which the thermal battery is
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discharged, the thermal power density of the storage material is
Pocy [KW m’s] = SpcmCrate- A higher C-rate means that the
battery is being discharged at a higher power (i.e., greater rate
of heat transfer), which reduces the thermal resistance at
cutoff. A lower cutoff resistance also decreases the optimal
PCM thickness (Lg), which is why the minimum system cost
increases with C-rate.

The minima of the curves in Fig. 2 occur at exactly L¢c = L¢,p
(the PCM thickness equals the thermal penetration depth).
The thermal penetration depth will always be the optimal
PCM thickness when the heat exchanger cost far outweighs
the PCM cost (Lyx/Lcp, > 1), which is often the case in real-
world thermal batteries. The other extreme occurs when the
heat exchanger is free (Lyx/Lc = 0), in which case there is no
incentive to add as much PCM as possible, and ASOC should be
maximized by making the PCM as thin as possible (Lo — 0).
If both the heat exchanger and PCM costs are on the same order
of magnitude, the optimal PCM thickness will be somewhere
between zero and the thermal penetration depth; we give
results for this scenario in Note 9 (ESIT), providing plots similar
to those in Fig. 2 but with a lower heat exchanger cost. However,
it should be noted that when heat exchanger and PCM costs are
on the same order of magnitude, our simple analytical model
for ASOC will not accurately predict the optimal value of Lc.
This occurs because we neglect the sensible heat of the liquid
phase in our analytical model, and the capacity from the liquid
phase sensible heat is more important when the PCM is
expensive. Therefore, in Note 9 (ESIt) we use the numerical
model developed by Woods et al.** to find ASOC.

While Fig. 2 explored the effects that material properties
have on dimensionless cost, in Fig. 3 we plot the total thermal
battery cost, G, for different real PCMs. The exact values of the
material properties, cost values, and operational parameters

2212 | Energy Environ. Sci., 2024,17, 2206-2218

are given in Note 13 (ESIt). Pure n-tetradecane performs the
worst, due to its low thermal conductivity, low latent heat, and
high cost. At the lower C-rate of C/4, pure ice (low thermal
conductivity) outperforms the n-tetradecane with graphite,
because the thermal conductivity is less important at low
C-rates and the ice has a much lower G, value than the
n-tetradecane with graphite. However, at the higher C-rate of
1C, pure ice and n-tetradecane with graphite are closer in cost.
The higher thermal conductivity of the n-tetradecane with
graphite provides as much value as the high energy density
and low cost of ice because the heat exchanger cost becomes
more important at higher C-rates. The BTO target material is an
aspirational material with properties defined by the Depart-
ment of Energy’s Building Technologies Office (BTO)'' and
performs better than all of the other PCMs for both C-rates.
The target thermal conductivity was not dictated by BTO, so for
Fig. 3 we chose a value of 10 W m ™" K~". However, in one of the
figures below (Fig. 5), we consider a lower thermal conductivity
of 1 W m™' K' for the BTO target, which results in a
significantly higher cost (roughly 2x the cost in Fig. 3a). This
highlights the importance of also dictating an appropriate
thermal conductivity when setting aspirational targets for
storage materials.

In Fig. 2 and 3, the effect of Ls on system cost was not
considered. As such, we provide a contour plot of the dimen-
sionless cost of an n-tetradecane + graphite thermal battery in
Fig. 4 with Lc and Lg as the two principal axes. This serves as a
cost design field that illustrates how to minimize the thermal
battery cost as a function of Lg and Lg (which themselves are
functions of the system geometry). From Fig. 4, the minimum
nondimensional cost is 2.5, which occurs when Lg = 0.033 m
and Lg = 0.13 m. This dimensionless cost means that the total
system cost is 150% greater than the PCM cost, which is the

This journal is © The Royal Society of Chemistry 2024
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Fig. 4 Cost-design field for an n-tetradecane PCM thermal battery. The
contour lines represent constant values of l0g;o(G/Gp). The plot was
generated for n-tetradecane/graphite composite PCM; the material prop-
erties of this PCM and the operational parameters considered in this
analysis are given in Note 13 (ESIt). The dashed vertical line corresponds
to the maximum thermal penetration depth, Lc p; when the PCM thickness
is equal to this value, the device cost is minimized. The dashed curve along
the top of the contour plot is the maximum possible value of Ls for a given
Lc. This maximum Lg is determined by the storage capacity of the PCM
within the thermal battery; for this example, the system thermal storage
capacity is 21.1 kW h.

lowest possible value for the given PCM, heat exchangers, and
insulation. In physically relevant quantities, the minimum
system cost is $95.03 per kW h, which is obtained by making
the thickness of the PCM layers (Lc) equal to 3.33 cm, the
number of layers (N) equal to 23, and the width of the layers (W)
equal to 79.15 cm. The derivation of the optimal N and W is
detailed in the ESI} (Note 4). When N and W take on their
optimal values, Lg is maximized, which minimizes the heat lost
from the thermal battery during storage.

Regime map and thermal battery figures of merit

A regime map can be created with L;,s/Ls and Lyx/Lc as the axes,
shown in Fig. 5. Based on the functional form of G/G,, the cost
scaling factor of the volumetric costs is unity, while the axes of
Fig. 5 correspond to the other two cost scaling factors. When
both L;,¢/Ls « 1 and Lyx/Lc < 1, the volumetric costs dominate
the device cost. When L;,s/Ls > 1 and Ling/Ls > Lyux/Lc,
the insulation costs dominate. Finally, when Lyx/Lc > 1 and
Lux/Lc > Lins/Ls, the heat exchanger costs dominate. In each
of these regimes, the minimum device cost can be found by
assuming the two non-dominant cost scaling factors are negli-
gible. Also, when Lc/Lc, and Ls/Lg max, then ASOC =~ 1. From
the minimum device cost in each regime, a figure-of-merit
(FOM) can be determined by extracting the group of PCM
material properties that would minimize G. These various cost
minima and system optimization goals can help influence the

This journal is © The Royal Society of Chemistry 2024
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design of thermal batteries to operate most cost effectively. The
different points correspond to different C-rates (e.g., C/4 is a
C-rate of 1 h™"), which are listed in the legend below the plot,
and different material properties, which are listed in Note 13
(ESIT). Changing operational parameters (cutoff temperature,
C-rate, etc.) or material properties causes the points to move on
the plot.

In the volumetric cost dominated regime, the minimum
system cost is Go, and the group of PCM material properties
that would minimize this is Spcm/(cpemPrem) = Ast/Cpem, With
units of [kW h per $]. In the insulation cost dominated regime,
the minimum system cost is GoLins/Ls max- By €valuating the
expression for G when Lg/Lg max (Which occurs when the device
is designed to minimize the external surface area of the system
for a given amount of PCM), the group of PCM material
properties that would minimize this cost is (ppcmhisy)”, with
units of [kW h m™>]", however, the scaling here is slightly
weaker with an exponent of only n = 2/3. Finally, the heat
exchanger cost dominated regime has a minimum system cost
of GoLyx/Lcp. After evaluating this expression for Lg,, the
group of PCM properties that minimizes this cost is
(kpcmpremhst)”, with units of [kW h m™* K '], and the scaling
here is even weaker with an exponent of m = 1/2.

Note that the heat exchanger cost dominant FOM can be

. €pPCM
rewritten as

v/ Ste

PCM and Ste is the Stefan number of the PCM. Notably, this
FOM is similar to the one derived by Shamberger for the
cooling capacity of PCMs,*® though Shamberger derived his
for a fixed temperature boundary condition, as opposed to a
fixed heat flux. As a result, the denominator of Shamberger’s
FOM is erf(4,) (where 1, is the solution to the Stefan problem
transcendental equation), as opposed to our FOM, which has a

denominator of v/Ste. For PCMs with small Ste (as is desired for
thermal storage and as was assumed in our derivations),

VSte & V2, ~ \/gerf (J2) (as explained by Jiji*?). Therefore,

our FOM for the heat exchanger dominated regime is equiva-
lent to Shamberger’s FOM for most practical PCMs. In Note 10
(ESIT), we provide plots to illustrate how changing material
properties will cause the thermal battery to move from one cost
regime to another and how a particular material will affect the
system cost while it is in one regime but have no effect in a
different regime. For sensible heat thermal batteries, the FOMs
are the same as they are for latent heat thermal batteries, except
that the enthalpy of melting (hg;) is replaced with the specific
heat capacity (c,); see Note 12 (ESIf) for derivations and a
regime map.

For 7 of the 12 data points in Fig. 5, the heat exchanger is the
most expensive component of the thermal battery. This reveals
the need for cheaper heat exchanger designs and materials.
Increasing the thermal conductivity of the PCMs (by adding
conductive filler) moves the points closer to the volumetric
regime where PCM costs dominate. However, even when the

, where epcm is the thermal effusivity of the

thermal conductivity is high and the C-rate is low, none of the
thermal batteries reach the point where heat exchanger cost is
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Fig. 5 Regime map of dominating costs for thermal batteries. The plot shows three different regimes in which one particular cost dominates: the
volumetric costs, such as the PCM (bottom left), the external areal costs, such as the insulation (top), and the heat exchanger costs (right). Each regime
corresponds to a particular cost scaling factor being at least an order-of-magnitude greater than the other two cost scaling factors. In each regime, the
minimum device cost is found by assuming the non-dominant costs are zero. Then, a PCM figure-of-merit (FOM) is the group of PCM properties that
minimizes the device cost in a particular regime. The filled shapes represent real materials, while the open shapes represent targets. The material
properties and operational parameters associated with each data point are listed in Note 13 (ESI¥).
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Fig. 6 The C-rate is varied to plot heat exchanger cost scaling factor (a) and (c) and system cost (b) and (d) as a function of discharge time for two
different PCMs. Plots (a) and (b) correspond to an areal heat exchanger cost of $100 per m?, while plots (c) and (d) correspond to an areal heat exchanger
cost of $10 per m?. Notably, the heat exchangers in (a) and (b) would have the same conductance as in (c) and (d). Therefore, the heat exchangers in
(c) and (d) do not represent cheaper materials, but rather hypothetical methods of producing the heat exchangers with the same performance at a

lower cost.

negligible (Lyx/Lc < 0.1), emphasizing the pervasive need for
better heat exchangers.

To further explore the effect of C-rate on thermal battery
design, we created Fig. 6a, which plots the heat exchanger cost
scaling factor as a function of discharge time (the reciprocal of
C-rate). We give results for n-tetradecane and n-tetradecane
with graphite filler. We also plotted the thermal battery cost in
Fig. 6b to show which material would results in a less expensive
thermal battery at the different discharge timescales. Shorter
timescales (less than 1 hour) will be heavily dominated by the
heat exchanger cost. When heat exchanger costs are significant,

This journal is © The Royal Society of Chemistry 2024

highly conductive PCMs are preferable, even if this increases
the PCM $ per kW h cost (G,). The PCM with graphite filler
becomes dominated by PCM costs at timescales of 1.5 days.
Meanwhile, the PCM without graphite filler does not reach the
PCM cost dominated regime until the discharge time is on the
order of a season (3 months). At long discharge timescales
(> 1.5 weeks), inexpensive, energy dense PCMs are preferable,
making the pure PCM favorable over the graphite filled PCM.
Fig. 6¢c and d plot the same quantities but with a hypothetical
heat exchanger that has the same conductance but one fifth the
cost, which shifts the point at which the pure n-tetradecane
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becomes the favorable material. This motivates the need for
cheaper heat exchangers, as they would lead to less expensive
thermal batteries that utilize cheap, energy dense PCMs
without thermally conductive filler.

Fig. 6 also highlights the importance of the PCM figures-
of-merit. When both systems (pure n-tetradecane and n-tetra-
decane with graphite) are in or near the PCM cost dominated
regime, the material with the greater hgp/cpcm Will achieve the
lower thermal battery system cost, which is the pure n-tetra-
decane. Meanwhile, when both PCMs are in the heat
exchanger cost dominated regime, the material with the greater
(kpomppemhst)> will achieve the lower thermal battery cost,
which is the n-tetradecane with graphite.

We note that our simple analytical solution for ASOC
assumes that losses during discharge are negligible, which is
a good approximation for the higher C-rates (>C/24) on which
we primarily focused in this work. However, it will be less
accurate at the lower C-rates considered in Fig. 6. As such, in
Fig. 6 we assumed that the insulation is free and enough is
used that losses are negligible over any discharge timescale.
A more complex expression (or numerical approximation) for
ASOC would be required to accurately account for storage
losses and is beyond the scope of this work, though the general
trends for the HX cost scaling factor would remain similar to
what is presented in Fig. 6. We also note that both the cost of
graphite and areal heat exchanger cost can vary significantly
from one vendor to another; as such, we provide results for
different graphite and heat exchanger costs in Notes 7 and 8
(ESIf), respectively.

Case study: residential HVAC thermal battery

To demonstrate the use of our cost scaling method, we provide
a case study for thermal storage used in a residential building.
Consider a house with a 3 ton air conditioner, and the owners
are on an electricity plan with 4 peak hours and would like to
forgo running their air conditioner during those entire 4 hours.
The storage system must be able to provide a constant 3 tons
(10.6 kW) of cooling, with a C-rate of 1/4 h™", giving a total
storage capacity of Cap = 42.4 kW h. An aluminum heat
exchanger with an areal cost of $50 per m* and conductance
of 570 W m~> K ' is selected. The system cost is to be
compared for three different PCMs: n-tetradecane (G, =
$38.14 per kW h), n-tetradecane + graphite (G, = $47.03 per
kW h'), and ice (G, = $0.15 per kW h); the thermophysical
properties for these three PCMs are listed in Note 13 (ESIT).
The insulation resistance is R, =5.28 m?> K W~!, with an
insulation cost of Ci,s = $23.1 per W per m* per K.

For n-tetradecane, the optimal PCM thickness is 1.14 cm, the
optimal device width is 80.60 cm, and the optimal number of
PCM layers is 65, giving heat exchanger and insulation cost
scaling factors of 2.61 and 0.57, respectively. Meanwhile,
n-tetradecane + graphite has an optimal PCM thickness of
7.05 cm, optimal device width of 76.57 cm, and 11 as the
optimal number of layers, yielding a heat exchanger cost
scaling factor of 0.36 and insulation cost scaling factor of

2216 | Energy Environ. Sci., 2024,17, 2206-2218
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0.45. When n-tetradecane is used, the system cost is dominated
by the heat exchanger, owing to the poor PCM thermal con-
ductivity. By adding graphite, the energy density of the PCM
decreases slightly, but the thermal battery cost decreases
significantly (from 161.47 to 84.21 $ per kW h) because
the increase in thermal conductivity allows for a much greater
PCM thickness. Finally, ice has an optimal PCM thickness of
1.66 cm, optimal device width of 61.00 cm, and optimal layer
number of 35. This gives a heat exchanger cost scaling factor of
201.11 and insulation cost scaling factor of 82.41. The large cost
scaling factors might initially seem to imply that the ice system
is more expensive, but when multiplying the factors by the G,
value for ice, it becomes clear that ice is the cheapest option
($43.59 per kW h' system cost for ice).

One can also consider the effect that changing the heat
exchanger material has on the system cost. Assume that a new
heat exchanger material reduces the areal cost by 80% (giving a
value of $10 per m*) and also reduces the conductance by 80%
(to a value of 114 W m 2> K "). With ice as the storage material,
the optimal PCM thickness is reduced to 1.47 cm, but the
system cost drops to $19.80 per kW h because of the cheaper
heat exchanger, indicating that the cheaper heat exchanger is
the better option. Further reducing the areal cost and conduc-
tance to 2% of their original values yields an even lower system
cost of $15.84 per kW h, but reducing the areal cost and
conductance even further to 0.2% of their original values yields
a higher system cost of $24.61 per kW h. This emphasizes the
importance of performing the cost scaling analysis not only
for different thermal storage materials but also for different
heat exchanger options as well. It should be noted that in this
example we assumed that the heat exchanger conductance and
areal cost are linearly related, but this might not always be
the case.

Conclusions

From grid-scale storage to building thermal management,
thermal batteries are promising energy storage devices. Just
as electrochemical batteries can provide electricity until some
cutoff voltage is reached, thermal batteries can provide heat
(or cooling) until a cutoff temperature is reached. Woods et al.
showed that the fraction of total heat that can be accessed
from a thermal battery is a function of the device geometry.”*
Complementing this finding, we present a cost scaling analysis
of thermal batteries, demonstrating how the system can mini-
mize the [$ per kW h] cost. We present a universal cost frame-
work for thermal batteries that can be used to optimize the
system on a [$ per kW h] cost basis. This equation is a function
of two independent characteristic lengths, one of which relates
to the thickness of the PCM layers and the other relates to the
device cross-sectional area and number of PCM layers.

We show that, when the sensible capacity is small relative to
the latent capacity, the optimal PCM thickness is the thickness
that results in the PCM just completing the melting process as
the cutoff temperature is reached (the maximum thermal

This journal is © The Royal Society of Chemistry 2024
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penetration depth), which is often on the order of cm (for
kpcm < 10 Wm™ ' K %) or tens of cm (for kpcy > 10 Wm™ ' K ™).
If the PCM thickness is less than this optimal value, then more
heat exchanger area is required for a given amount of PCM,
without a significant increase in the SOC that can be accessed
from the thermal battery. Conversely, if the PCM thickness is
greater than the optimal value, then too much capacity is left
within the device when the cutoff temperature is reached, reducing
the usable capacity of the device and increasing the [$ per kW h)]
cost. For example, in Fig. 3a, we analyze a thermal battery that
would have a cost of $155 per kW h when n-tetradecane is used as
the storage material. When the thermal conductivity of the storage
material is increased by adding graphite filler, the thermal battery
cost decreases to $69 per kW h. Further improving the density and
latent heat to the DOE BTO target values reduces the thermal
battery cost to $24 per kW h.

Additionally, the characteristic length of heat loss through
the insulation should be maximized to minimize the overall
device cost. However, for a fixed capacity, this characteristic
length cannot take on any value, and the maximum possible
value is given in eqn (S8) of the ESL.+ When the device geometry
is designed such that the two characteristic lengths take on
their optimal values, the device cost will be minimized. The
analysis in Note 9 (ESIT) reveals that the optimal PCM thickness
can be somewhat smaller than the maximum melting front
penetration depth is sensible capacity is non-negligible
(in which case our analytical approximation is not applicable).
However, the optimal thickness will never be greater than the
maximum penetration depth.

A regime map was drawn with the heat exchanger cost
scaling factor on the horizontal axis and the insulation cost
scaling factor on the vertical axis. Three regimes exist on the
map: (i) PCM costs dominate, (ii) heat exchanger costs domi-
nate, (iii) insulation costs dominate. Each regime has a differ-
ent functional form for the minimum achievable device cost,
along with different PCM material figures-of-merit. The most
intuitive regime is the PCM cost dominant regime. In this
regime, the material figure-of-merit is simply the [$ per kW h]
cost of the PCM (G,). However, heat exchangers are often the
dominating expense, so many thermal batteries reside in the
heat exchanger cost dominant regime instead. In this regime,
reducing the [$ per kW h] cost of the PCM will do very little to
reduce the [$ per kW h] cost of the thermal battery, since the
heat exchanger dominates the battery’s cost. Instead, the
figure-of-merit for this regime, which includes the PCM ther-
mal conductivity and latent heat, should be maximized. This
would allow a greater amount of PCM to be added to the battery
for a given heat exchanger area, increasing the battery capacity
without increasing the cost, thereby reducing the [$ per kW h]
battery cost.

The general expression we provide for the dimensionless
cost, G/G,, applies to many types of thermal batteries (eqn (3)).
However, the functional form of ASOC will depend on the
particular thermal battery design. Our analysis was conducted
for the geometry in Fig. 1, using a simple, analytical expression
for the SOC of such a device. We used a simple expression for

This journal is © The Royal Society of Chemistry 2024
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ASOC for the sake of brevity and to illustrate general trends and
opportunities for optimization. Our simple analytical approxi-
mation serves to broadly demonstrate the opportunity for
optimization of thermal batteries through design of the device.
This framework helps elucidate what is important to reduce
cost (e.g., cost scaling) for thermal batteries. We similarly
analyze ASOC for another geometry (Note 11, ESIT) and sensible
storage materials (Note 12) in the ESLY

For the more complex thermal battery designs that would be
encountered in the real world, numerical models and simula-
tions would likely be required to accurately determine ASOC as
a function of PCM geometry. In these simulations, the simple
analytical model that we present for ASOC can serve as a
starting point for the PCM length scale, reducing the computa-
tional time needed to find the optimal geometry. Once ASOC is
obtained, eqn (3) can still be used to determine the system cost.
Likewise, when analyzing a thermochemical storage system, a
different analysis than the one presented in this paper would be
required to find ASOC as a function of TCM geometry (whether
the analysis is analytical or numerical), but then our eqn (3) can
be used to optimize for cost. The exponents within the PCM
figures of merit will change with the system geometry, which
means that systems with complex geometries will scale with
PCM properties in the exact same way as the geometry in Fig. 1.
However, while the exponents will change, the appearance of
different properties within the different cost regimes will
remain the same (i.e., thermal conductivity will appear in the
HX-dominated regime, latent heat will appear in all three
regimes, etc.). We show that this is the case with the cylindrical
geometry in the ESIt (Note 11).
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