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Abstract

This article describes a techno-economic model for pumped thermal energy stor-
age systems based on recuperated Joule-Brayton cycles and two-tank liquid storage.
Models have been developed for each component, with particular emphasis on the
heat exchangers. Economic metrics such as the power and energy capital costs (i.e.,
per-kW and per-kWh capacity) and levelized cost of storage are evaluated by gath-
ering numerous cost correlations from the literature, thereby enabling estimates of
uncertainty. It is found that the use of heat exchangers with effectivenesses up to
0.95 is economically worthwhile, but higher values lead to rapidly escalating compo-
nent size and system cost. Several hot storage fluids are considered; those operating
at the highest temperatures (chloride salts) improve the round-trip efficiency but
the benefit is marginal and may not warrant the additional material costs and risk
when compared to lower-temperature nitrate salts. Cost-efficiency trade-offs are ex-
plored using a multi-objective optimization algorithm, yielding optimal designs with
round-trip efficiencies in the range 59-72% and corresponding levelized storage costs
of 0.1240.03 and 0.38+0.10 $/kWh,. Lifetime costs are competitive with lithium-ion
batteries for discharging durations greater than 6 hours under current scenarios.
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Nomenclature

Abbreviations

CAES Compressed air energy storage

COP  Coefficient of performance

CSP  Concentrating solar power

FCR Fixed charge rate

HX Heat exchanger

LAES Liquid air energy storage

LCOS Levelized cost of storage, $/kWh,

LiB Lithium-ion battery

O&M Operation and maintenance costs 2020 USD /year
PHES Pumped heat energy storage

PTES Pumped thermal energy storage

SEPT Stockage d’électricité par pompage thermique
SMES Superconducting magnetic energy storage
TMES Thermo-mechanical energy storage

Greek symbols

15} Pressure ratio

nur  Heat engine efficiency

Nm,g  Motor or generator efficiency

Mp,i Polytropic or isentropic efficiency

nrr  Round-trip efficiency

p Density, kg/m?

PE Energy density, kWh,/m?

Tehg,dis Charge/discharge duration, s

€ Heat exchanger effectiveness

Roman symbols

Cen Specific cost of energy storage components, 2020 USD/kWh,



Cpow  Specific cost of power components, 2020 USD/kW,
m Mass flow rate, kg/s

Q Heat, W

1474 Power, W

Nu Nusselt number

Re Reynolds number

A Heat transfer area, m?

A Flow area, m?

C Cost, 2020 USD

Cen Total cost per unit energy output, 2020 USD /kWh,
cr Friction coefficient

Chow  Total cost per unit power output, 2020 USD/kW,
Cp Specific heat capacity, J/kg.K

D Hydraulic diameter, m

E Energy, J

Io Fractional pressure loss

G Mass flux, kg/m?.s

h Enthalpy, J/kg

hy Heat transfer coefficient, W/m?.K
k Thermal conductivity, W/m.K

L Heat exchanger length, m

Neye  Number of charge and discharge cycles per year
P Pressure, Pa

Py Price of electricity, 2020 USD/kWh,

R Work ratio

Temperature, K

Overall heat transfer coefficient, W/m?2.K
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1. Introduction

Renewable generation currently supplies about 11% of global electricity demand
[1]. This fraction is set to rise and efforts to electrify the transport and heating sectors
(which together constitute 83% of global energy consumption) are likely to further ac-
celerate the uptake of renewables. Recent reports indicate that wind and photovoltaic
electricity are now cheaper than new-build fossil-fuel generation on a per-unit-energy
(levelized-cost) basis, and are cost-competitive with existing conventional plants [2].
However, it is often argued that the intermittent and non-dispatchable nature of the
renewable technologies (especially wind and solar) will require additional measures
to ensure grid stability and security of supply. These are likely to incur additional
system costs and it is perhaps therefore misleading to consider per-unit-energy costs
of a particular generating technology in isolation. Finding cost-effective ways of bal-
ancing the grid with high penetrations of wind, solar and other renewables is thus
an important, ongoing research topic.

Methods for facilitating further integration of renewables include expansion of
grid interconnections [3]|, demand-side management (e.g., flexible use of electric vehi-
cle batteries [4]), over-sizing renewable capacity, fossil- and bio-fuel peaking plants,
and energy storage. The extent to which each of these will contribute to mitigating
intermittency and non-dispatchability remains a matter of speculation. As far as stor-
age is concerned, many different systems exist or have been proposed, ranging from
established technologies such as pumped-hydro storage and electro-chemical batter-
ies to emerging technologies, such as flow batteries [5] and thermo-mechanical energy
storage (TMES) systems (which includes compressed air energy storage (CAES) and
liquid air energy storage (LAES) [6]), to those technologies that are in their infancy,
such as superconducting magnetic energy storage (SMES) [7]. A review of these
technologies is given in Ref. [8] which compares their key performance indicators and
describe their state of development and target applications.

1.1. Overview of pumped thermal energy storage

The present article is concerned with a form of TMES system known as pumped
thermal energy storage (PTES). This terminology refers to any storage system that
uses an electrically-driven heat pump during its charge phase to deliver heat to a hot
store and/or extract heat from a cold store, and a heat engine to retrieve electrical
work during discharge. PTES may be considered as a subset of the Carnot Battery
category of storage, which also includes systems that use resistive heating to charge
the hot store [9]. As with all storage technologies, the round-trip efficiency (ngr) of
PTES is limited only by irreversibilities: a (fictitious) reversible system would have



an nrt of 100%, but with realistic component efficiencies projected values are in the
range 40-70% [10].

In common with many TMES systems, the energy and power capacities of PTES
can be decoupled and, in particular, the marginal cost of additional energy stor-
age is potentially very low. It is therefore well-suited to longer-duration discharge
requirements, such as those caused by wind lulls. As discussed in Ref. [11], most
recent energy storage deployments have been short duration operating reserves, but
it is expected that new storage deployments will have increasing discharge durations.
Storage will initially provide peaking capacity and arbitrage with discharging dura-
tions of 2-6h, as is being observed with lithium-ion batteries (LiB). The deployment
of these technologies will increase the length of net load peaks [11], requiring the
deployment of longer-duration storage (>4h) which may also be able to provide ad-
ditional sources of value, such as transmission deferral. To provide longer duration
storage, these technologies must be cost-competitive with LiBs to be viable, and in
particular, should have low marginal costs of energy storage capacity. This arti-
cle conducts techno-economic analysis to investigate the costs required to achieve a
transition from LiBs to PTES, and the discharging duration at which lifetime cost
parity is reached.

Concepts similar to PTES can be traced back almost a century and include
Maguerre’s proposal for energy storage in steam accumulators [12] and Weissenbach’s
open gas turbine cycle with thermal storage [13]. Most developments have occurred
in the past two decades and early work (initiated pre-2010) includes the French SEPT
system (le stockage d’électricité par pompage thermique — which translates almost
exactly as PTES) [14] and Isentropic Ltd.’s PHES (pumped heat energy storage)
in the UK [15]. Both of these are based on the Joule-Brayton cycle and exploit
packed beds of gravel (or similar) as the storage medium [16]. Gravel stores can
be charged and discharged efficiently [17] and is cheap, abundant and can operate
over a wide temperature range. But a major drawback is that such stores need to
be pressurized, adding substantially to the specific (per-kWh) capital cost [18]. In
addition, the thermal gradients (thermoclines) that develop along the length of the
store have to be carefully managed to avoid compromising the performance of the
store [19] or other components in the cycle [20].

These challenges can be avoided by using liquid storage, as first proposed in
Ref. [21], which necessitates modifications to the power cycle layout, such as the
inclusion of a recuperator [22]. The characteristics of several suitable fluids are
summarized in Ref. [23] and a solution using nitrate molten salts is currently being
developed commercially by Malta Inc. who are aiming for deployment by 2023 [24].
Recent research has investigated sources of exergy losses within this system [25], and



the present work aims to improve the design by also considering the lifetime cost.
The use of liquid stores has the advantage that, although not necessary, the work-
ing fluid may be pressurized, thereby increasing power density and reducing per-kW
capital cost. Two-tank systems are usually proposed, similar to those used in the
concentrating solar power (CSP) industry, but single-tank storage is also possible [§].
Previous analyses of PTES indicate that maximum temperatures should be increased
to improve the round-trip efficiency [26]. However, higher temperature systems re-
quire more expensive materials and components, and this trade-off is explored in
this article by considering several different hot storage fluids. Potential hot-storage
fluids include mineral and synthetic oils (with top temperatures of around 300°C
and 400°C respectively) and nitrate molten salts [25], which typically operate in the
range 250 — 565°C, the lower limit being required to prevent freezing. Substantial
experience has been gained in the use of molten salt storage via the CSP indus-
try. Systems based on the Joule-Brayton cycle also require a cold store and finding
suitable cold-storage fluids has proved more challenging, as discussed below.

A closed Joule-Brayton cycle integrated with liquid storage has several interesting
properties — notably, the result that part-load charging and discharging may occur
without appreciably affecting the round-trip efficiency [23]. Typically, these systems
use different turbomachines for the charge and discharge phases, whereas the same
heat exchangers are used at all times. As a result, the extent to which certain param-
eters can differ between charge and discharge depends on the components that are
affected by those parameters. For example, this configuration allows the discharging
pressure ratio to differ from the charging pressure ratio in order to minimize heat
rejection. On the other hand, changing the relative duration of charge or discharge
affects the mass flow rates through the heat exchangers and therefore the efficiency
and cost. The impact of such considerations is explored in this article for the first
time.

PTES systems based on a variety of other thermodynamic cycles have been stud-
ied, including Rankine [27], trans-critical [28] and Kalina cycles [29], and a combined-
cycle PTES-LAES arrangement that obviates the need for the so-called ‘cold box’
of LAES systems [30]. A review of these and other concepts is provided in Ref. [8],
together with appropriate storage media in each case.

1.2. Aims of this study

This study has three objectives: firstly, to develop and describe state-of-the-art
models that improve performance and cost estimates of PTES with two-tank liquid
storage; secondly, to explore numerous design parameters and optimize the design;
finally, to demonstrate its competitiveness by comparing the costs with lithium-ion



batteries.

In this article, detailed heat exchanger models are described and validated against
experimental data — these components have the greatest influence on efficiency and
cost. These models capture variable fluid properties and calculate the geometry,
which is important for evaluating the cost and off-design behaviour (the charging
and discharging operating conditions are not identical). Auxiliary components such
as pumps, fans, motors, and generators, which have a non-negligible impact on per-
formance and cost, are also included. Exergy losses within each component are
calculated which reveals the relative importance of each component. These models
are described in Section 3 and the Appendix.

A method of evaluating the cost is proposed, which uses a Monte-Carlo method
to construct probability distributions of the life-time cost (levelized cost of storage),
thereby allowing an assessment of the uncertainty. This method is described in
Section 3.6 and further details are provided in the Supplementary Information.

With this techno-economic methodology, several design parameters are investi-
gated. While the influence of heat exchanger design is fairly straightforward, other
parameters, such as the discharging pressure ratio, choice of maximum temperature,
or relative duration of charge and discharge, have a less obvious impact on system
performance and cost. These design choices and trade-offs are explored in Section 5.

A multi-objective optimization method is described in Section 6.1. This technique
is used to explore the space of optimal designs, and reveals how best to negotiate
the trade-offs described in Section 5. Finally, one of the optimal designs is compared
with with lithium-ion batteries (LiB) in Section 6.2 with the aim of dertermining the
discharging duration at which PTES becomes economically competitive with LiBs.
This analysis also identifies which PTES components provide the greatest scope for
cost improvements.

The techno-economic methodology described in this article could be applied to
other TMES systems, and enable fair comparisons of various devices.

2. System description and layout

The Joule-Brayton (or gas-turbine) cycle comprises two adiabatic and two iso-
baric processes and uses an ideal gas as the working fluid. A simplified (reversible)
representation on the temperature-entropy diagram is shown in Fig. 1 (left-hand cy-
cle). The cycle is traversed in the anticlockwise sense during the charge (heat-pump)
phase and clockwise during the discharge (heat-engine) phase. Thus, for example,
the charge process comprises: adiabatic compression (States 1 to 2), isobaric heat
rejection to the hot store (2 to 3), adiabatic expansion (3 to 4) and isobaric heat ab-
sorption from the cold store (4 to 1). In practice, the charge and discharge cycles are

7



not coincident, due chiefly to thermodynamic irreversibilities during the compression
and expansion processes. The temperatures shown in the figure are approximately
representative of Isentropic’s PHES system, which uses argon as the working fluid
and a pressure ratio of ~ 10 [31].
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Figure 1: Temperature-entropy diagram of reversible Joule-Brayton cycles. Left (blue): simple
cycle; right (grey): recuperated cycle (shading indicates recuperative heat transfer).

If molten salts are used for the hot storage in this cycle, then T3 must be kept
above the salt’s freezing point. Although this is feasible with a simple Joule-Brayton
cycle the turbine work output (during charge) then becomes a relatively high fraction
of the compression work (i.e., the cycle has a poor ‘work ratio’), resulting in round-
trip efficiencies of ~ 35%, as shown in Ref. [32]. The solution (see for example
Laughlin [33]) is to add a recuperating heat exchanger to transfer heat between the
high- and low-pressure streams of the working fluid. The typical layout for such a
system is shown in Fig. 2 and the effect on the T-s diagram is shown in the right-
hand cycle of Fig. 1. Of particular note, the lowest (discharged) temperature of the
hot store is now Ty, ~ 11, above the salt freezing point, but the work ratio (given
approximately by T5/T3) is unchanged.

Recuperation also has the benefit of reducing the pressure ratio, which not only
reduces the number of compressor and turbine stages but also raises the coldest
temperature T}, thereby permitting a wider choice of cold-storage fluids. In passing,
it is interesting to note that the SEPT system described by Desrues et al [14] is
effectively a recuperated cycle wherein the recuperation is achieved by partial overlap
of the hot and cold storage temperature ranges, thus avoiding the need for a separate
heat exchanger.

Several hot-storage fluids are considered in the present study, but methanol is



used throughout for the cold store. For the reasons outlined above, recuperation is
always used so that the layout is as shown in Fig. 2. Note that a ‘heat rejection’ heat
exchanger is required (States 3a to 3 in Fig. 2) to counter the effects of irreversibility.
A separate set of compressors and turbines is used for the charge and discharge phases
(since these operate at very different inlet temperatures) but the motor-generator and
all heat exchangers are common to both phases. The working fluid is pressurized
nitrogen gas, this being a compromise between good heat transfer properties (for
which lighter gases are better [34]) and ease of compression / expansion (for which
lighter gases would require many stages).
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Figure 2: Schematic of a recuperated Joule-Brayton PTES cycle shown during charge.

3. Modelling methods

The overall system model combines standard thermodynamic cycle calculations
with a range of cost correlations for the individual components. First it is necessary
to specify the working fluid, storage fluids, operating conditions (such as 17, T5, p1)
and component performance (such as polytropic efficiency and effectiveness). The
cycle state points are then calculated according to these inputs. The discharging
power output and duration are specified and from this the mass flow rates, heat
exchanger geometry, and storage tank size is calculated. The cycle state points are



then re-evaluated for the calculated heat exchanger geometry as described in more
detail in Section 3.1 and Appendix A — this is necessary because the charging and
discharging cycles differ slightly. Having established the size of each component, the
costs are then evaluated using a selection of correlations from the literature. Finally,
the lifetime cost is calculated for a set of given financial parameters, see Section 3.6.

Aside from the turbomachinery, heat exchangers and tanks, other components
not shown in the layout of Fig. 2 are also modelled, including the motor-generator
and auxiliary systems such as fans and pumps. Together these typically incur a 3-5%
efficiency penalty and contribute ~ 10% to the capital cost.

3.1. Heat exchangers

The performance of the systems considered here is strongly dependent on the
design of the heat exchangers, due to the high heat-to-work ratio (i.e, ratio of total
heat exchange to net work transfer) [23]. Heat exchangers are initially characterized
by design values of effectiveness (¢ = Q/Quax) and fractional pressure loss (f, =
Ap/pin). All heat exchangers are assumed balanced (i.e., with equal rhc, for the two
streams) so as to minimize heat transfer irreversibility [35]. A ‘first run’ of the full
thermodynamic cycle (charge and discharge) is performed using the target values of
e and f,, in order to obtain approximate operating conditions throughout the cycle.
Heat exchanger geometries are then computed so as to meet these target values under
the conditions obtained. Since conditions between charge and discharge can vary,
the heat exchangers are designed for the period with the highest mass flow rate (i.e.,
the most stringent conditions, meaning that the device will outperform the design
objectives when operating at lower mass flow rates).

The sizing procedure used to compute the heat exchanger geometries is detailed
in Appendix A.l. The resulting geometries are used on a second run of the full cycle
in which accurate operating conditions are obtained, and for generating economic
estimates. The second run is an off-design simulation because, as noted above,
operating conditions will generally differ between charge and discharge. (Part-load
operation is also important when considering real load cycles). The off-design model
employed for this is described in Appendix A.2. Both the sizing procedure and the
off-design model are adaptations of common approaches used to model counter-flow
heat exchangers in one dimension (see e.g. Refs. [36]). Appendix A provides further
details on the algorithms used, including flow diagrams and a validation study.

3.2. Machinery

Compressors and expanders are assumed to be turbomachines and are modelled
with a polytropic efficiency, 7,, defined in the usual fashion [37]. For example, for a
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compression process, the infinitesimal specific work input is given by dw = dp/(n,p).
For perfect gases, this leads to

Te = 6? (1)
where 7, and (. are the compressor temperature and pressure ratios respectively,
and ¢ = (y—1)/(yn,). Similar relationships hold for expansion processes. For semi-
perfect and non-ideal gases — e.g., Ny at high pressure — the expression for dw needs
to be integrated numerically.

The work input to the air fans is also calculated using a polytropic efficiency
combined with the fan pressure ratio, po/p1 = 1/(1 — f,) (where f, is the pressure
loss factor on the air side of the heat-rejecting coolers). However, pump work for
the storage fluids is computed from an isentropic efficiency, n;, assuming the fluid is
incompressible. Thus,
mAp @)

PN

Finally, the motor-generator (which is a single device) is assumed to be a perma-
nent magnet synchronous machine, and has a design efficiency of approximately 98%.
Since the charging and discharging powers will in general differ, the motor-generator
will operate off design for at least some of the time. Part-load behaviour is obtained
from Ref. [38], which shows significant departure from design-point efficiency only
when the the load falls below 50% of its nominal value. Pumps and fans are also
driven by motors which are assumed to have efficiencies of 98%.

Woump =

3.8. Fluid properties

Several fluids are used in the system, including the working fluid, heat-rejection
fluid (air), and storage fluids. Thermal properties of the working fluid and ambient
air are obtained from CoolProp [39]. Several hot storage fluids are considered includ-
ing nitrate molten salts, chloride molten salts, synthetic oils and mineral oils. These
fluids have different operating temperature ranges, and therefore have a substantial
impact on performance. Data for nitrate molten salts, mineral oils and synthetic flu-
ids (namely a biphenyl /diphenyl-oxide mixture such as Therminol VP-1) are obtained
from manufacturers’ data sheets, and typically include information such as the varia-
tion of heat capacity, thermal conductivity, density, and viscosity with temperature.
The enthalpy and entropy are then calculated and the data tables are interpolated
to find the required properties. Chloride molten salt mixtures can operate at higher
maximum temperatures than nitrate molten salts, and a ternary mixture of sodium
chloride, potassium chloride, and magnesium chloride is considered here [40]. The
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cold storage fluid is methanol which may operate at low temperatures and proper-
ties are obtained from CoolProp. This fluid is flammable and toxic and therefore an
alternative cold storage system may be required.

3.4. Thermal storage

Double tanks are used for both hot and cold storage, so the system has four tanks
in total, as shown in Fig. 2. For a given power output during discharge the mass
flow rate of working fluid is calculated. The heat exchanger sizing procedure is used
to find the storage fluid mass flow rates, from which the total storage fluid volume
is calculated. The internal volume of each tank is then oversized by 10%. The tanks
are assumed to be internally insulated, and the insulation thickness is calculated
assuming a 0.5% energy loss per day following the methodology in Ref. [41]. These
energy losses are neglected when calculating the round-trip efficiency since the values
are small and the assumed charging and discharging cycles are somewhat shorter than
a day.

Other exergetic losses that occur in the tanks are known here as ‘cyclic losses’
Mixing losses may occur if fluid is already in the tank, and new fluid is introduced
at a different temperature. While the total energy is conserved, entropy is generated
and corresponds to an exergy loss. Furthermore, an exergy loss occurs if the tank
fluid at the end of discharge is a different temperature to the start of charge. For
instance, the hot storage fluid may end up hotter than its initial (cool) state at the
end of discharge. Heat must therefore be rejected at above-ambient temperatures to
ensure cyclic operation, thereby incurring a further exergetic loss.

3.5. Definition of performance metrics

The models above are used to calculate the total electrical work input and output
to the cycle, and subsequently metrics such as the round-trip efficiency and energy
density. The electrical work is found by accounting for the work into/out of the
thermodynamic cycles, the parasitic work input due to pumping and fan work, and
the motor-generator efficiency. Although it is possible to ascribe separate second-law
efficiencies to charge and discharge, this is not necessary for the current purposes and
only the overall round-trip efficiency is considered here. This is given by the fraction
of input energy that is extracted from the storage:

NRT = Wi = Ny (Wep = Weomp) = (Wiump + Wian) /11m (3)
net (Weomp = Weép + Wamp + Win) /11

where 7,,, is the motor efficiency, 7, is the generator efficiency, Weomp is the compressor
work, Weyp, is the expander work, Wyump is the pumping work input, Wk, is the fan
work, and superscripts ¢, d represent charge and discharge, respectively.
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The energy density (strictly, the exergy density) evaluates the energy per unit
volume and provides a guide to the system size (and hence cost). Here, the energy
density is defined as the total electrical energy dispatched from the system as a
fraction of the total system volume which includes all four storage tanks, such that

pE = nglet _ ng(Wepr - Wg)mp) - (Wgump + Wfin)/nm (4)
%ot ‘/hot + V::old

where Vi, and Viq are the volumes of the four hot and cold storage tanks.

3.6. Economics

The primary economic metrics of interest here are the capital cost and lifetime
cost of the system. Evaluating these metrics requires numerous assumptions and
estimations. To account for this uncertainty, a Monte Carlo sampling method is
used to develop probability distributions of the cost.

The capital cost is found by summing the cost of each component, and then
multiplying by a factor that captures installation and contingency costs, such that:

C'cap = finstall Z C’L (5)

In this analysis, the factor fisn is assumed to be in the range of 1.1 to 1.5 [42].

Dividing the total capital cost by the discharged power and discharged energy
facilitates comparison between designs and technologies. In this article, these terms
are defined as the total cost per unit energy/power dispatched during discharge, such
that

C.
Clpowy = 2220 (6)
’ Wrilet
C1cap
C(en = WgetTd (7)

where 7¢ is the discharging duration. These metrics therefore capture the capital
cost as a function of the power and energy that are actually delivered as the end
product of the storage system. (Capital cost per unit energy/power capacity do not
capture the fact that the energy storage may not be operated between state-of-charge
of 0% and 100%. For instance, a battery might be operated between 10% and 90%,
and providing a required energy output will incur a cost 1.25 times greater than the
cost per unit energy capacity).
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The levelized cost of storage (LCOS) accounts for the lifetime cost of the energy
storage system and is evaluated using the ‘fixed charge rate’ method [43]. The LCOS
is expressed as

FCR - Ceap + O&M + E;, Py
a (8)
out

where FCR is the fixed charge rate, Ce,, is the capital cost, O&M is the annual
operations and maintenance cost, Fi, is the annual electrical energy purchased from
the grid, P, is the average electricity price, and FE, is the annual electrical energy
discharged from the storage. The fixed charge rate incorporates data such as the
projected lifetime of the plant and the discount rate, as detailed in the Supplemen-
tary Information. The lifetime is assumed to be 25-35 years, the electricity price is
0.025-0.06 $/kWh,, and the operations and maintenance cost is 1-5% of the total
capital cost [44]. (Note that ranges are given here, because these uncertain variables
are also factored into a Monte Carlo uncertainty calculation, described below). It
is assumed that the system charges and discharges once per day, and therefore un-
dergoes 365 cycles per year. The cycles are assumed to occur at the design point
so that Fo = nrrFEim. Thus, the LCOS accounts for both the economic cost and
the efficiency of the storage system. The LCOS is a somewhat limited metric as
it only accounts for the cost of the system, and not the value and revenue that it
provides. Furthermore, energy storage systems are likely to have more complicated
load cycles that respond to the requirements of the grid. However, these factors
are dependent on the location and application and introduce many more variables
and uncertainties. The simple LCOS method described here is sufficient to enable
comparison between PTES designs and to compare with other storage technologies.
Following an approach similar to those used in Ref. [44], component costs have
been obtained from a range of correlations for each component available in the liter-
ature. These are often based on vendor data but can vary by a factor of up to 100
for the same component, thereby leading to significant uncertainty. A Monte Carlo
method is therefore used to calculate probability distributions for the overall system
capital cost. Component sizing is first undertaken (following the thermodynamic
cycle calculations described above) which enables each component to be costed as
described below. Total system cost is then computed by combining a random per-
mutation of component correlations. This process is repeated thousands of times to
generate relatively smooth distributions from which mean cost, standard deviation
and confidence intervals can be extracted. An sample calculation is given in the
Supplementary Information. Precise details of all the cost correlations are also pro-
vided in the Supplementary Information, but the main features may be summarized

LCOS =
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as follows:

(i)

(iii)

Compressors and expanders: Costs typically depend on power rating but may
alternatively be expressed in terms of the mass flow and pressure ratio. A re-
lationship of the form C' o W" is generally accepted, with n typically in the
range 0.6 to 0.8 but in some cases n = 1 (linear dependence). Correlations for
turbomachinery may include a temperature-dependent factor to reflect the in-
creased complexity and materials requirements for high-temperature operation.
Many of the correlations have been developed for open-cycle gas turbines but
may be modified to treat pressurized closed-cycle operation by scaling inversely
with fluid density to reflect the smaller machine size.

Heat exchangers: Cost relations normally take the form C' o« A™ where A is the
heat-transfer area and n is typically 0.6. Additional factors may be included
to account for pressure rating, material and heat exchanger type (which in
the present study is limited to shell-and-tube). The temperature-dependent
materials cost multipliers are summarized in Table 1. It is notable that they
militate strongly against high-temperature storage.

Storage: Tank costs also follow a power law based on either weight or volume,
with n ~ 0.6. All tanks are at ambient pressure and are assumed internally
insulated so as to allow construction from carbon steel. No temperature or
pressure-dependent factors are therefore required. Insulation thickness is cal-
culated so as to limit the drop in temperature difference (from ambient) to 0.5%
per day. Insulation and storage-fluid costs are readily determined on the basis
of mass or volume.

Table 1: Heat exchanger material cost factors

Temperature, °C Material Cost factor
T <400 carbon steel 1
400 < T <600 stainless steel 2
T > 600 nickel alloy 5

4. Results: Nominal design

A nominal design case is introduced to illustrate the typical performance and cost
of PTES. The nominal PTES design is a large electricity storage system, and has a
discharging power output of 100 MW, for a duration of 10 hours —i.e., a 1000 MWh,
system. The charging and discharging durations are equal, which implies that the
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charging power rating is larger than the discharging power. (Different charging power
inputs are investigated in Section 5.4). The system uses nitrate molten salts for the
hot storage and is limited to a maximum storage temperature of 565 °C. Temperature-
entropy diagrams for the charging and discharging cycles are shown in Fig. 3. Other
parameters and corresponding results are shown in Table 2. Input parameters of
interest are subsequently varied while keeping the other parameters fixed at their
nominal values.

Table 2: Design and performance of the nominal PTES design

Nominal case design

Discharging power MW, 100
Discharging duration h 10
Charging duration h 10
Ambient temperature °C 25
HX effectiveness - 0.95
HX pressure loss % 1
Polytropic efficiency % 90
Motor /generator efficiency % 98
Maximum pressure bar 25
Discharge pressure ratio Same as charge
Working fluid Nitrogen
Hot storage fluid Nitrate molten salt
Cold storage fluid Methanol
Nominal case performance

COP - 1.3
Heat engine efficiency % 45
Round-trip efficiency % 53
Energy density kWh,/m? 15
Capital cost M$ 260 + 73
Cost per unit power $/kW, 2600 + 700
Cost per unit energy $/kWhe 260 + 70
Levelized cost of storage $/kWh, 0.13 £ 0.03

Under these conditions, the round-trip efficiency is 53% and the majority of
available work is lost in the compressors, expanders, and heat exchangers. The
distribution of exergy losses is shown in Fig. 4. Parasitic losses due to pumping,
fanning, and motor-generator inefficiency account for several percentage points of
lost work and indicates the importance of including these components in system
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Figure 3: Temperature-entropy diagram of a recuperated Joule-Brayton PTES cycle (a) charging
process. (b) discharging process. The horizontal red and blue lines indicate the temperatures that
the hot and cold storage fluids vary between.
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analysis.

A significant quantity of work is lost via ‘cyclic losses’: during charge the hot
storage fluid is heated from 300 °C to 565 °C. However, during discharge the hot fluid
is cooled down to 325 °C and because it is not returned to its original temperature,
this constitutes a loss in efficiency. This occurs because the exit temperature of the
discharging expander is relatively hot compared to original hot storage temperature —
compare Points 1 and 1’ on the temperature-entropy diagram (Fig. 3). Consequently,
the outlet temperature of the recuperator on its high-pressure side (Point 2a’) is
hotter than the original hot fluid temperature, which means the hot fluid is not
returned to its original temperature. An effective method to reduce the cyclic losses
is to increase the discharging pressure ratio which decreases the discharging expander
exit temperature.

The energy density of this system is 15 kWh,/m?® which is comparable to other
TMES systems, such as LAES [8]. This value is a bit lower than Joule-Brayton PTES
with packed beds (50 kWh,/m? [17]) but the energy density could be increased by
using two stratified tanks rather than four. Compared to other storage systems,
PTES has a higher energy density than PHES (0.5-2 kWh,/m?) and CAES (3-15
kWh,/m?), but a much lower value than lithium-ion batteries (2300 kWh,/m?) [8].

For this nominal design, the total specific capital costs are Cpo, = 2600 £
700 $/kWh, and Cg, = 260 £+ 70 $/kWh, which are comparable with other thermo-
mechanical storage systems, such as CAES and LAES [8]. The extent of the economic
uncertainty is illustrated in Fig. 5a. This box-and-whisker diagram shows the range
of costs calculated for each component, with median values indicated by a red line.
Compressors, expanders and heat exchangers are the main contributors to the capital
cost, and these components have considerable uncertainty.

The LCOS is 0.13 + 0.03 $/kWh,, and the contribution of the capital cost, op-
erations and maintenance cost, and electricity cost to the LCOS is shown in Fig. 5b.
Over the lifetime of the plant, the electricity cost makes the largest contribution
to the LCOS. In this example, electricity was bought for prices between 0.025—
0.075 $/kWh,. The lower bound is based on anticipated values for future, unsub-
sidized, utility-scale wind and solar installations [45]. In some markets, negative
electricity prices occur when large quantities of energy are curtailed. The electricity
price used here reflects the average value when charging the system every day over
the course of a year. It should be noted that in some analyses, the electricity term
of the LCOS calculation (Eq. 8) is written as (Ei, — Eout)Pe = (1/nrr — 1) Eout Pa
[45] — i.e., it is assumed that the discharged electricity is sold for at least the same
price it was bought for, and thus the contribution to the LCOS only represents the
electricity that is bought and lost through inefficiencies. Accounting for electricity
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prices this way, and assuming low electricity costs, substantially reduces the LCOS.
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Figure 5: (a) Box-and-whisker plot indicating the distribution of costs expected for each component.
Red line indicate the median cost, the box indicates the interquartile range, and the ‘whiskers’
correspond to the 1% and 99% percentiles. (b) Distribution of the LCOS between capital cost,
operations and maintenance costs, and electricity costs for the nominal design. Error bars indicate
the mean plus or minus one standard deviation.

Table 3: Upper and lower limits that economic parameters were varied by to assess their influence
on the LCOS, see Fig. 6. The O&M is given as a percentage of the capital cost.

Ceap, M$ FCR O&M, % P, $/kWhe Ngye
Lower bound 190  0.05 1 0.025 250
Upper bound 340 0.10 5 0.060 365

As a further example of the sensitivity of the LCOS to various economic assump-
tions, several key economic parameters are varied and results are shown in Fig. 6.
The capital cost is varied between the mean value of the nominal design plus and
minus one standard deviation, and the range of variation of other parameters such as
the FCR, O&M, electricity price, and number of cycles per year is given in Table 3.
The LCOS has been normalized by the value achieved when each of the parameters is
at its mean value to more clearly illustrate the influence of each economic parameter.
Each parameter has a roughly +10 — 20% impact on the LCOS, with the electricity
price and capital cost having the largest influence. The FCR is also significant and
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Figure 6: Influence of various economic parameters on the LCOS of the nominal PTES design.
Parameters are varied between the minimum and maximum values shown in Table 3. The LCOS
has been normalized by the nominal value in Table 2.

combines factors such as the lifetime, discount rate, debt, and taxes. The system
lifetime is a significant component of the FCR, with long lifetimes leading to a lower
FCR and lower LCOS. The number of cycles per year affects the total energy that
is returned to the grid, and more cycles reduce the LCOS. Throughout this arti-
cle, it is assumed that the system charges and discharges every day (365 cycles per
year), although the actual load cycles will depend on the market requirements. This
reveals another limitation of the LCOS metric since in some scenarios, electricity
storage may cycle very infrequently but earn value by providing firm capacity and
dispatchability.

These nominal results indicate that PTES can achieve a respectable round-trip
efficiency and LCOS. Further performance improvement can be obtained by system
optimization, as discussed in Section 6. First, the influence of each design parameter
on the performance is investigated.

5. Discussion: Influence of design parameters

The sensitivity of the round-trip efficiency and the LCOS to several design vari-
ables is now considered. Each parameter is varied while the other parameters are
kept constant at the nominal values provided in Table 2.

5.1. Heat exchanger design

The heat exchanger design has a significant influence on the performance of this
PTES system, since heat exchangers are required to transfer energy into and out
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of the storage, and also within the cycle itself. The heat exchanger is characterized
by the effectiveness, € and fractional pressure loss, f, as defined in Section 3.1. All
heat exchangers are assumed to have the same ¢ and f,, with the exception of the
air-cooled heat exchangers, which have fixed values of ¢ = 0.9 and f, = 0.1%.

As expected, the round-trip efficiency increases monotonically with effectiveness
and decreases with fractional pressure loss, as shown in Fig. 7a. For a typical ef-
fectiveness of 85% the round-trip efficiency is only 40% and the majority of exergy
losses occurs within the heat exchangers. Increasing the effectiveness reduces the
heat exchanger exergy losses, and achieving a round-trip efficiency greater than 55%
requires ¢ > 95% and very low pressure losses. Such heat exchangers require very
large heat exchange areas, and may present engineering challenges. Large heat ex-
change areas increase capital costs but Fig. 7b indicates that the increased efficiency
is worth the higher cost up to ¢ = 0.95, at which point a minimum LCOS occurs.
Increasing the effectiveness further leads to a sharp increase in LCOS as the limit of
infinite heat exchanger area is approached at ¢ = 1. The value of £ that minimizes
the LCOS will depend on project finances and projected lifetimes.
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Figure 7: Effect of heat exchanger effectiveness and pressure losses on (a) Round-trip efficiency and
(b) Levelized cost of storage.

5.2. Discharging pressure ratio

The discharging pressure ratio, (g influences the cyclic losses as discussed in
Section 4. The discharging expander inlet temperature (Point 2’ on Fig. 3b) is effec-
tively fixed by the hot storage temperature, so increasing the discharging pressure
ratio reduces the expander outlet temperature (Point 17). In turn, this reduces the
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storage.

inlet temperature to the hot side of the recuperator (1’), and thus reduces the exit
temperature of the recuperator’s cold side (3’). Consequently, the discharging pres-
sure ratio affects the temperature that the hot storage fluid is returned to at the end
of discharge.

As noted in Section 4, when [gs equals the charging pressure ratio, S, the
expander exit temperature is relatively hot and at the end of discharge the hot fluid
is hotter than its temperature at the start of charge. This requires energy to be
rejected to ensure a cyclic process and thus represents a loss in efficiency. Increasing
the discharging pressure ratio therefore leads to an improvement in efficiency and
LCOS, as demonstrated in Fig. 8. An optimal value is obtained when the hot storage
fluid is returned exactly to its starting temperature. If the discharging pressure ratio
is increased further, then there is the risk that the hot fluid would be cooled to
temperatures below the original value, in which case extra heat would have to be
added to the cycle to avoid over-discharge.

5.3. Choice of hot storage liquid

The choice of hot storage fluid has a profound impact on the design and per-
formance of the PTES cycle. Liquid storage fluids typically have limited operating
temperature ranges. The upper temperature limit may be constrained by thermal
decomposition or phase change; and this temperature has a significant influence on
the round-trip efficiency and energy density, as well as determining which materials
are required in the heat exchangers. The lower temperature limit can be constrained
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by freezing (such as for molten salts) or high pumping costs due to increased viscos-
ity (for thermal oils). This lower temperature also impacts the energy density: the
smaller the operating temperature range, the larger the fluid and storage volume and
thus the higher the cost. For the recuperated Joule-Brayton cycle, the lower tem-
perature limit also constrains the charging compressor inlet temperature (Point 1 on
Fig 3a). For instance, the relatively high freezing point of molten salts suggests that
compressor inlet temperatures will be over 250 °C — which is somewhat hotter than
the inlet temperatures to conventional compressors, suggesting that Joule-Brayton
PTES turbomachinery may require significant technological development.

In this section, four hot storage fluids are considered: mineral oil, synthetic oil,
nitrate molten salt, and chloride molten salt. In each case, the cycle is operated
at the maximum temperature for each fluid and the compressor inlet temperature
was varied (effectively varying the lower temperature of the hot fluid). For each
compressor inlet temperature, the discharging pressure ratio is adjusted to reduce
the cyclic losses. Further details for the four fluids are provided in Table 4.

Table 4: Thermal properties and cost factors for several hot storage fluids. Thermal properties are
the average over the operating temperature range. A range of costs are given based on values from
the literature and vendors.

Fluid type Details Trmin  Tmax cp p Cost

°C °C  kJ/kgK kg/m? $/kg
Mineral oil Shell heat transfer oil S2 10 300 2.37 775 0.5-2.5
Synthetic oil Diphenyl oxide-biphenyl 10 393 2.06 886  0.5-3.1
Nitrate molten salt NaNO3-KNO3 230 565 1.51 1840 0.5-1.3
Chloride molten salt NaCl-KCIl-MgCly 450 750 1.03 1460 0.4-1.1

Operating at higher temperatures either requires specialized materials or larger
volumes of metals to resist creep, leading to higher costs. Here it is assumed that
this predominantly affects the heat exchanger costs as storage tanks are internally
insulated. Cost factors are applied to the hot heat exchanger and recuperator to
reflect the influence of maximum temperature, see Table 1.

Increasing the maximum temperature of the cycle tends to lead to higher round-
trip efficiencies, as shown in Fig. 9a. For each material there is an optimal compressor
inlet temperature which arises due to a trade-off between exergy losses in the tur-
bomachinery and heat exchangers. Thus, for a given heat exchanger design and
maximum temperature, the value of 77 can be adjusted to minimize the lost work.

The benefits of achieving higher efficiencies by increasing the system temperature
must be balanced against higher capital costs due to more expensive heat exchanger
materials. As indicated in Fig. 9b, the minimum LCOS of systems with nitrate salts
and chloride salts are very similar. In this figure, sharp changes in LCOS can be
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Figure 9: Influence of hot storage fluid and compressor inlet temperature on (a) Round-trip effi-
ciency (b) Levelized cost of storage.

observed close to compressor inlet temperatures of 400 °C and 600 °C, where the
recuperator material transitions from carbon steel to stainless steel, and stainless
steel to nickel alloy, respectively.

Systems using mineral oils and synthetic fluids avoid the use of expensive metals in
the heat exchangers. However, these systems have higher costs for two predominant
reasons: firstly, they have small temperature differences across the cycle leading to
low energy densities and high storage costs for a given energy output; secondly, they
have lower efficiencies which requires larger work inputs during charge and therefore
larger turbomachinery. The costs of these systems could be reduced by removing the
recuperator which would reduce heat exchanger costs. However, the low efficiencies
and power densities would still lead to higher costs than PTES systems with molten
salts.

5.4. Duration of charge compared to discharge

So far it has been assumed that the charging and discharging durations are equal.
This means that the charging power input exceeds the discharging power output — for
example, for the nominal design in Table 2, Wais = 100 MW,, whereas the charging
work input is Wchg = Wdis/ nrr = 188 MW,. In this section, the charging duration
Teng 15 varied while keeping the discharging duration, 74 and power output constant.

The round-trip efficiency increases if 74, is increased or decreased by a small
amount as shown in Fig. 10a. This is predominantly the result of reduced entropy
generation in the heat exchangers, and to a lesser extent, the behaviour of the motor-
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generator. The geometry of the heat exchangers is designed to meet the performance
requirements (effectiveness and pressure loss) during the period with highest mass
flow rate. When the charging and discharging durations are equal, the mass flow
rates through the heat exchangers are approximately the same during charge and
discharge. If 7hg > 7ais, then the charging mass flow rate is reduced compared to
the discharging mass flow rate. As a result, the heat transfer performance (e.g.
the number of heat transfer units, NTU) improves and the pressure losses reduce.
Eventually, a maximum round-trip efficiency is reached before further changes to
the charging duration lead to a reduction in performance. This is due to reduced
flow rates in the recuperator and a transition from turbulent to laminar flow which
reduces the heat transfer performance, and therefore increases exergy losses, see
Fig. 11. Similarly, if 7¢e < 7ais, the heat exchangers are designed for the larger
mass flow rate, which occurs during charge, and the heat exchanger performance is
improved during discharge, leading to a higher round-trip efficiency.
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Figure 10: Effect of charge duration compared to discharge duration on round-trip efficiency. (a)
Round-trip efficiency. (b) Capital cost and Levelized cost of storage.

The capital cost is also affected by the duration of charge and discharge. When
Tehg > Tais the capital cost reduces (Fig. 10b): the reduced charging power input
means that smaller compression and expansion machinery is required, as well as a
smaller motor. The improved efficiencies and reduced costs of using longer charging
durations leads to a lower LCOS as shown in Fig. 10b. However, the LCOS only
decreases up to Teng/Tais = 1.4 at which point it begins to increase again. In this case,
the discharging duration is fixed at 10 hours, and when 7, > 14h the total cycle
duration exceeds 24 hours. This reduces the number of full charge-discharge cycles
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with mass flow rate in the recuperator. All variables have been normalized by their value at the
design point, which in this case corresponds to a mass flow rate of 100 kg/s.

per year and therefore reduces the total energy delivered by the storage. It should
be noted that systems that cycle a different number of times per year are likely to
provide different functions and cannot be easily compared to one another.

6. Optimization of pumped thermal energy storage and comparison with
lithium-ion batteries

6.1. Multi-objective optimization

The trade-off between cost and efficiency is investigated using multi-objective
optimization algorithms. These methods find Pareto fronts which are surfaces that
show the spread of optimal designs. Most engineering systems exhibit a trade-off be-
tween cost and efficiency. A Pareto front will capture the most efficient and expensive
solutions on one end of the surface, and the cheapest and least efficient solutions at
the other end. Intermediate points reveal the compromise between the two objectives
(in practice, multiple objectives may be used). This approach is useful not just for
evaluating the optimum performance and optimal designs, but also identifying which
design parameters influence a design’s position on the trade-off surface.

Stochastic algorithms have previously been applied to PTES systems [17] and
are an appropriate method, as multiple objectives are evaluated for numerous design
variables with a numerical algorithm. In this study, a multi-objective particle swarm
optimization (MOPSO) was found to give reasonable performance. MOPSO uses a
‘swarm’ of particles that share information and ‘flock’ towards optimal locations [46].
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The PTES multi-objective optimization problem has two objectives; to maximize
round-trip efficiency and minimize the levelized cost of storage. The optimization
problem is arranged as a minimization problem, such that the objectives are ex-
pressed as:

Ji=1=ngrr (9)
fo = LCOS (10)

The design variables are the heat exchanger effectiveness, the heat exchanger
pressure loss factor, the compressor inlet temperature 77, and the discharging pres-
sure ratio fqis. Upper and lower limits of each of the design variables are given in
Table 5.

The choice of hot storage fluid and maximum temperature, 75 is investigated
with separate optimization studies. The results of Section 5.3 suggested that nitrate
and chloride molten salts outperformed fluids such as mineral oil and synthetic oil.
However, it was unclear whether the higher efficiencies justified the increased cost of
high-temperature systems. Nitrate molten salts have maximum operating temper-
atures of 565 °C, but recent research has suggested that thermal stability may be
maintained up to 600 °C by carefully managing the gas composition in the tanks [47].
Chloride molten salts can be operated up to 750 °C, although lower temperatures
may reduce corrosion and engineering challenges.

Table 5: Upper and lower limits of the design variables used in multi-objective optimization studies.

Design variable Minimum Maximum
€ 0.7 0.99
fp 0.005 0.05
Bais 0.8 1.5
T (nitrate salt) °C 250 450
Ty (chloride salt) °C 450 600

Pareto fronts for four cases — nitrate salts with maximum temperatures fixed
at T, = 560 °C and 600 °C, and chloride salts at 75 = 650 °C and 750 °C — are
shown in Fig. 12a. The Pareto fronts do not cross at any point. Therefore, for a
given cost, the most efficient system always uses chloride salts at 750 °C. Similarly,
for a given round-trip efficiency, chloride salts at 750 °C are the most cost-effective
solution. Likewise, it is always preferable to use nitrate salts at 600 °C rather than
565 °C, if possible. The least suitable solution has chloride salts at 650 °C since this
system has expensive heat exchangers, but has not maximized the efficiency that
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those exchangers can provide. This suggests that chloride salt systems should only
be implemented if they can be operated at their maximum temperature.
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Figure 12: Pareto fronts illustrating the trade-off between round-trip efficiency and LCOS (a)
Pareto frints for nitrate and chloride salts and different maximum temperatures (b) Pareto fronts
for nitrate and chloride salts. The shaded band indicates the LCOS plus and minus one standard

deviation.

Table 6: Design variables and results for select cases along the Pareto fronts, see Fig. 12b.

Case: N1 N2 N3 C1 C2 C3
€ 099 096 098 0.99 095 0.98
fp 0.005 0.006 0.007 0.005 0.020 0.010
Bais 119 118 123 125 124 1.26
T °C 370 322 326 474 455 457
NRT % 66 59 63 72 60 69

LCOS $/kWh, 0.23 0.13 0.14 038 0.12 0.17

The inset figure in Fig. 12a indicates that each system has similar minimum values
of LCOS. The LCOS plus or minus one standard deviation is illustrated in Fig. 12b
for two cases. The economic uncertainty is reasonably large, and it is unclear whether
chloride salt PTES systems are definitely preferable to nitrate salt PTES systems.
A detailed engineering cost appraisal is necessary to reduce the uncertainty in these
estimates.

The design variables are expected to change along the length of the Pareto front,
as certain values will reduce costs and other values will increase efficiencies. Design
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variables for select cases are presented in Table 6. These cases are illustrated on
Fig. 12b, and correspond to (1) maximizing nrr (2) minimizing LCOS (3) finding
a compromise between the two objectives by choosing a point close to the ‘knee’
of the Pareto front. Further insight is gained by considering the various sources of
exergy loss as shown in Fig. 13. Heat exchanger design (¢ and f,) varies most signif-
icantly along the Pareto front. The effectiveness saturates at its upper constraint to
maximize nrr by minimizing heat exchanger losses, while values that minimize the
LCOS are closer to 0.95, which is similar to the results shown in Fig. 7b. The com-
pressor inlet temperature 77 is higher when maximizing ngr. However, this reduces
the temperature difference between the two hot tanks, which requires larger storage
volumes for a given storage duration. Therefore, designs which minimize the LCOS
have lower values of 7. Fig. 13 indicates that only the heat exchanger exergy losses
vary substantially along the Pareto front, whereas losses in other components are
fairly constant. Thus, when designing these PTES systems, heat exchangers should
be considered first and the remaining system can be optimized around them.

6.2. Cost comparison with lithium-ion batteries

The techno-economic models and results presented here are most suitable for
comparing different PTES designs and configurations. However, it is instructive
to provide some context by comparing the optimal results of Section 6.1 with cost
estimates for other storage technologies. Lithium-ion batteries (LiB) have rapidly
reduced in cost in recent years as a result of increasing deployment in electric vehicles
and utility-scale projects, and these cost reductions are expected to continue [48].
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LiB costs were obtained from data in Lazard’s LCOS Analysis [49] which provides
upper and lower estimates, and these values are comparable with those obtained
using the learning curves proposed in Ref. [48] and the range of values predicted in
Ref. [50]. Costs may be separated into power costs ¢pow and energy costs Ce,, such
that the total capital cost is given by Ceap = (Cpow + EeaniS)WdiS. The LiB costs used
here are Cpow = 51-75 $/kW, and ¢, = 164-300 $/kWh,.
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Figure 14: Costs of a 100 MW, storage system for various discharging durations. Costs for PTES
show the mean value of optimal design N2 (Table 6) plus and minus the standard deviation. Utility-
scale Li-ion costs are also shown with the shaded region indicating the range of values proposed in
Ref. [49]. (a) Total capital cost per unit power. (b) LCOS.

The costs of LiB and PTES are compared in Fig. 14 for a range of discharging
durations. PTES costs correspond to the optimal design N2 in Table 6, and the blue
band indicates the standard deviation of the results. PTES has a relatively high
power cost (which includes heat exchangers, turbomachinery, and motor-generator)
with ¢ = 2140 £ 540 $/kW,, and is therefore more expensive than LiB for short-
duration storage. However, the marginal cost of the storage components is very
low (Gen = 43 £ 11 $/kWh,), such that the total capital cost does not increase
substantially as the storage duration is increased. The analysis indicates that PTES
is competitive with conservative LiB cost predictions at discharging durations of
6-8 h, and with more aggressive LiB cost targets at >12 h.

The capital cost only reflects the initial investment, whereas the LCOS also in-
cludes factors such as the lifetime, efficiency, and O&M costs. LiB have shorter
lifetimes (15 years) than PTES which results in a higher FCR, which is approxi-
mately 0.11, compared to 0.07 for PTES. It is assumed that batteries are operated
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Figure 15: Contribution of economic factors to the LCOS for PTES and LiB for 100 MW, systems
with 10 hours of discharging. PTES results correspond to optimal design N2 in Table 6. Error bars
indicate the mean plus/minus one standard deviation for PTES or the range suggested in Ref. [49]
for LiB

to a maximum depth of discharge of 80%, which corresponds to over-sizing the bat-
tery by 25% for a given power output. (Similarly, PTES tanks are oversized by 10%).
LiB have a round-trip efficiency of 90% as compared to 59% for the N2 PTES design.
Including lifetime costs leads to PTES systems being competitive over a larger range
of discharging durations than the capital cost would suggest: PTES systems have a
similar LCOS to conservative and agressive LiB cost estimates at discharging dura-
tions of 4-6h and 8-12h, respectively. PTES can be made competitive over a larger
range of discharging durations by reducing c,ow — i.e., reducing heat exchanger and
turbomachinery costs.

The contribution of different costs to the LCOS are shown in Fig. 15 for systems
which discharge for 10 h. The most significant contributions to the PTES LCOS
come from high costs of power components and a large expenditure on electricity for
charging. LiBs have lower electricity costs due to the higher round-trip efficiency.
The LiB LCOS is dominated by the high value of ¢, which ultimately leads to higher
LCOS values than PTES. It should be noted that this analysis assumes both systems
charge and discharge once per day. However, it is likely that real load cycles will

31



be different to this, and that PTES and LiB load cyles may not be the same due to
their different efficiencies and operational characteristics.

7. Conclusions

In this article, a techno-economic model of Pumped Thermal Energy Storage
(PTES) systems based on a recuperated Joule-Brayton cycle and using two-tank
liquid storage is developed. The performance and cost of this system is strongly
dependent on the heat exchanger design. The technical model calculates the heat
exchanger geometry which, therefore, enables an accurate assessment of the perfor-
mance and capital cost of the system. The results indicate that the use of heat
exchangers with very high effectiveness values up to 0.95 can be justified economi-
cally due to significant performance improvements they offer to the system. However,
increasing the effectiveness further leads to rapidly increasing costs. Further analysis
is required to clarify the manufacturing challenges associated with high-effectiveness
heat exchangers.

The choice of the hot storage liquid places constraints on the operating tempera-
tures of the system. Several hot storage liquid media are considered. Nitrate molten
salts can be operated up to 565 °C, whereas novel chloride salts may be operated up
to 750 °C. Increasing the maximum temperature leads to larger round-trip efficien-
cies, but the increased temperatures require more expensive materials in some of the
heat exchangers. Therefore, the LCOS of systems using nitrate salt and chloride salt
as liquid storage media are similar.

A multi-objective optimization algorithm is used to evaluate the trade-off between
LCOS and round-trip efficiency, as well as investigate the most suitable hot storage
fluid. PTES with chloride salts was found to have lower values of LCOS and higher
efficiencies than systems using nitrate molten salts. For example, the most cost-
effective chloride salt system costs 0.12 £ 0.03 $/kWh, and has a round-trip efficiency
of 60%, whereas the most cost-effective nitrate salt system achieves values of 0.13 +
0.03 $/kWh, and 59%, respectively. The uncertainty in the cost estimates is rather
large, and further analysis should improve the economic accuracy.

Compared to utility-scale lithium-ion batteries (LiB), PTES has high power com-
ponent costs but low energy storage component costs. This means that additional
storage can be added without significantly increasing total capital costs. Further-
more, PTES has longer lifetimes than LiB, and as a result, PTES can achieve lower
lifetime costs (LCOS) than LiBs at discharging durations greater than 6 h. By further
reducing the capital cost of PTES systems through key power component selection
and development, such as the heat exchangers and turbomachinery, PTES can be
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competitive over a larger range of energy storage applications, including applications
that benefit from integration with external thermal sources and sinks (e.g., solar or
waste), by utilizing and/or providing thermal energy along with electrical energy
during operation.
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Appendix A. Heat exchanger algorithms

Appendiz A.1. Sizing procedure

The sizing procedure determines a set of heat exchanger geometrical parameters
that satisfy the specified effectiveness € and pressure loss f, for a given set of inlet
conditions (i.e., the inlet values of m, h and p for the two fluids). Apart from the
previous inputs, the sizing procedure also requires the hydraulic diameter D to be
specified, which depends strongly on the heat exchanger technology. The present
work is limited to circular-tube heat exchangers, which have hydraulic diameters
typically ranging from a few mm up to several cm [51], and a value of D = 5 mm is
used in here. In general, small tubes are preferred because they lead to more compact
devices [52], which is due to higher heat transfer coefficients and higher surface-to-
volume ratios [34]. The sizing procedure assumes that the hydraulic diameters and
flow areas of the two sides of the heat exchanger are the same, i.e. Dy = Dy = D
and Ap = Ap = A;. This may, in some cases, result in slightly sub-optimal designs
and conservative cost estimates, but is not far from what is encountered in many
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practical designs and is justified by the significant gain in speed and simplicity of the
algorithm.
The sizing procedure is summarized in Fig. A.16a and follows the steps below.

(i)

(vi)

The heat transfer rate, ), is computed according to ¢ and the set of inlet
conditions.

The heat exchanger is divided in sections of equal dQ, and a T-Q diagram is
drawn. This is used to obtain information on the variation of fluid thermophys-
ical properties along the length of the heat exchanger.

An iterative process is performed over values of flow area, A¢, until the pressure
losses meet the objective value, according to the following the steps.

For each value of A, the mass flux, G, the Reynolds and Prandtl numbers, Re
and Pr, the convective heat transfer coefficient, h;, and the friction coefficient,
e, are all computed at each heat exchanger section. Standard correlations for
fully developed internal flow in circular tubes (e.g. see [53]) are employed and
are summarized in Table A.7. The heat transfer coefficient is computed via the
Nusselt number in the usual way, iy = Nuk/D. The flow is treated as laminar
for Re < 2000 and as turbulent for Re > 3000. In between, the values for
transition flow are obtained by interpolation.

The overall heat transfer coefficient, U, is computed at each section, and it is
used together with the AT-Q distribution to compute the required heat transfer
area, A, and the required heat exchanger length, L, according to the equations,

1
U= T (A.1)
hear o hae
dQ
DA

where it is implicit that the heat transfer area and length of the two streams
is the same, which is a consequence of the streams having the same flow area
and hydraulic diameter, as discussed above.

Pressure losses are obtained from ¢; and integrated over the heat exchanger
length. For the first stream,

—2 Cr1 G% dL

f =
Pl D p1 py

(A.4)
and similarly for the second stream.
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(vii) The predicted pressure losses at each side, f,; and f,2, are compared to the
objective pressure loss, f,.

(viii) The value of Ay is changed and the previous steps are repeated until max( fy1, fp2) =
fp, ensuring that none of the channels exceeds the objective pressure loss. Since
fm and f,e are monotonic functions of Ay, the converging value of Ay is effi-
ciently found with a bisection algorithm that is readily available in Matlab.

Table A.7: Friction coefficient and Nusselt number for fully developed internal flow [53].

Regime s Nu
Laminar 16/Re 4.36
Turbulent 1 (¢t/2) (Re — 1000) Pr

(1.581n (Re) — 3.28)* 1 4 12.7 (¢r/2)"/ (Pr2/3 - 1)

Appendiz A.2. Off-design model

Once the geometry of the heat exchanger is known, it can be used to predict
outlet conditions for any given set of inlet conditions. The off-design model used to
achieve this is summarized in Fig. A.16b. As shown in the flow chart, the off-design
model follows similar steps to the sizing procedure, the main difference being that,
rather than iterating over A, until the pressure losses converge, the off-design model
iterates over ) until the heat transfer balance in Eq. A.2 converges. The equations
and correlations employed are the same as those described in Appendix A.1.

Appendiz A.3. Validation

The heat exchanger sizing procedure and the heat exchanger off-design model
were validated against data from Figley et al., who describe a CFD simulation of a
high-temperature helium recuperator [54]. The recuperator in question is a counter-
flow heat exchanger which satisfies the main geometrical assumptions described in
Appendix A.l: straight channels, equal hydraulic diameter for both streams, and
equal cross-sectional area (i.e., flow area) for both streams. However, the device
is a printed-circuit heat exchanger (PCHE) that features semi-circular rather than
circular channels. While the heat transfer and flow friction characteristics for circular
and semi-circular channels show only minor differences, these were accounted for
during the validation study to ensure a more precise comparison. Correlations for
semi-circular channels are described in [54].
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Table A.8: Design point specifications for validation of sizing procedure.

Parameter Unit Value
My, Me kg/s 0.0056

Phjin; Pc,in bar 30
T in K 1173
T in K 813
Dy, D¢ mm 1.222
€ % 76.1
fon % 0.175

Table A.9: Geometrical parameters computed by the sizing procedure compared to the original
specifications by Figley et al. [54]. The values of L, Af and A are the same for the hot and the cold
streams.

Parameter Unit Original Predicted Diff. [%]

L mm 247.2 237.3 4.0
Ay mm? 188.5 190.3 0.9
A m?2 0.152 0.148 3.0
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Table A.8 shows the reference design point specifications used as inputs of the
sizing procedure, including inlet conditions and performance objectives, while table
A.9 shows the output geometrical parameters. It can be seen that the geometry
predicted by the sizing procedure is very similar to the original specifications by
Figley et al., showing a maximum disagreement of 4%.

The predicted geometry was then used to run a number of off-design simulations
under the conditions described by Figley et al., the results of which are shown in Fig.
A.17. The plots display a good agreement between the 1D off-design model and the
CFD model by Figley et al., with differences being generally below +5%.
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Figure A.16: Flow charts of the heat exchanger algorithms. (a) Sizing procedure. (b) Off-design

model.
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Figure A.17: Results of the one-dimensional off-design model compared to CFD simulations by
Figley et al. [54]. Differences between the two are generally below +5%. (a) Heat transfer coefficient
of the hot stream. (b) Heat transfer coefficient of the cold stream. (c) Pressure losses of the hot
stream. (d) Pressure losses of the cold stream.
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