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The interest toward large-scale electric energy storage technologies is increasing with the
large deployment of new renewable capacity. In case of several hours of storage duration,
there is no consensus on which technology is the most suited. Several technologies have
been recently proposed, among which is pumped thermal electricity storage (PTES),
which is a technology based on the idea of storing electrical energy as heat. PTES is
usually less efficient than electrochemical batteries, but it is characterized by a lower
cost per kilowatt hour, which could make it a suitable alternative for applications with long
storage duration. In this study, a recently proposed PTES system based on the use of
heat pumps and organic Rankine cycles is investigated from a thermo-economic point of
view. The system is powered by both electric and low-grade thermal energy, thus taking
advantage of waste heat to increase the electric performance. As the system design
both affects efficiency and cost, a trade-off must be found. In this study, this task was
performed by means of a multi-objective optimization approach. The relation between
electrical round-trip efficiency and system cost is analyzed, and the impact of several
design specifications such as boundary conditions, nominal power rating, and storage
duration is discussed. Finally, the results are generalized by defining some cost scaling
correlations. Large-size configurations (5 MW of charging power for 8 h of storage) may
achieve equipment purchasing costs as low as 140 €/kWh and 2,300 €/kW, with an
electrical round-trip efficiency of 0.6. These results show that the investigated technology
may be suitable in the context of large-scale and long-duration energy storage.

Keywords: pumped thermal electricity storage, multi-criteria economic analysis, optimized design, multi-objective
design, high temperature heat pump, organic Rankine cycle, Carnot batteries

INTRODUCTION

Carnot batteries (CBs) is the term that is used to define several different technologies to store
electrical energy as thermal energy, which is then used again to generate power. Among the main
CB technologies, the following were defined: pumped thermal electricity storage (PTES) (Frate
et al., 2017a), also known as compressed heat energy storage (Steinmann, 2014), and liquid air
energy storage (LAES) (Morgan et al.,, 2015). In CBs, the charge phase may be performed by
converting electric energy into heat either with different heat pump technologies or with electric
heaters. In this way, electrical energy is stored as sensible or latent heat. The discharge phase may
be performed with several different heat engine technologies, mainly based on Rankine or Brayton
cycles (Benato and Stoppato, 2018b). The basic CB layout includes both hot and cold reservoirs,
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which are used to store the thermal energy. However, in
several advanced configurations, the basic layout is modified,
and one of the two reservoirs is eliminated, by using the
environment or alternative heat sources and sinks as heat
reservoirs (Dumont et al., 2019).

The interest in CBs is due to the fact that they could be
an alternative to pumped hydro energy storage (PHES) and to
compressed air energy storage (CAES), which are considered
as the state-of-the-art technologies for large-scale and long-
duration energy storage. CBs are based on well-established
technologies such as heat exchangers, thermal tanks, pumps,
compressors, expanders, and turbines. CBs are suited for large-
size electrical storage applications (Georgiou et al., 2018) since
all the major components of the systems are available in different
sizes and can be scaled up easily, if necessary. Furthermore, CBs
do not suffer from geographical limitations that strongly affect
the locations suited for PHES and CAES. In turn, CBs may
have lower round-trip efficiencies and higher specific costs if
compared to PHES and CAES (Benato and Stoppato, 2018b). The
most studied technology in the field of CBs is LAES, but PTES is
quickly gaining popularity.

PTES technologies may be divided into two groups. The first
group is based on Brayton cycles (direct and inverse) using
either dynamic (Desrues et al., 2010) or volumetric machineries
(Howes, 2012). In Brayton PTES, the most common working
fluid is argon (Wang et al., 2019), and the systems are mostly
based on sensible heat storage, either solid (Benato, 2017)
or liquid (molten salts) (Laughlin, 2017). In the literature,
alternative configurations may be found (Benato and Stoppato,
2018a), where the integration of resistive heaters in the Brayton
system is analyzed.

The second group is based on Rankine cycles (direct and
inverse). Rankine PTES may have some advantages over the
Brayton counterpart, namely, higher energy density, due to
the possibility of efficiently using latent heat storage, and
lower operating temperatures. Brayton systems that operate
up to 1,000°C have been proposed (Desrues et al, 2010),
but more realistic estimates set the maximum operating
temperature at around 500°C (Howes, 2012; McTigue
et al., 2015). On the other hand, Rankine PTES is most
often designed to operate under 200°C (Morandin et al,
2012a,b; Frate et al., 2017a), thus reducing safety and material
compatibility issues. Despite the differences, Rankine and
Brayton PTES may achieve similar efficiencies: 60-65%
for Rankine PTES is claimed in Morandin et al. (2012a,b)
and Kim et al. (2013), and similar figures are claimed for
the Brayton PTES by Desrues et al. (2010) and Laughlin
(2017).

Rankine PTES may use different cycle configurations. In
Kim et al. (2013), nearly isothermal compression and expansion
are introduced by means of liquid piston compressors and
expanders. Several different thermal storage technologies can
be found in the literature: one-tank thermocline sensible heat
storage (Staub et al., 2018), two-tanks sensible heat storage
(Frate et al., 2020), several-tanks in series sensible heat storage
(Morandin et al., 2012a,b), hybrid sensible/latent heat storage
(Jockenhofer et al,, 2018; Steinmann et al., 2019), purely latent

heat storage (Frate et al., 2017a), and underground geothermal
heat storage (Ayachi et al., 2016).

Many different working fluids were proposed in the literature:
trans-critical CO, Rankine cycles (Morandin et al., 2012a,b),
cascaded NHjz/water vapor compression heat pump (VCHP)
and water steam Rankine cycle (Steinmann, 2014), and VCHPs
and organic Rankine cycles (ORCs) (Frate et al., 2017a,b, 2020;
Roskosch and Atakan, 2017; Jockenhofer et al., 2018).

Due to the lower operating temperatures, Rankine PTES has
the unique feature of being able to be powered also by waste
or low-grade external heat sources. Due to the higher operating
temperatures, this may be impossible in Brayton systems. This
integration with additional thermal energy inputs, called thermal
integration (TI), was proposed by Steinmann (2014, 2017) and
was analyzed in depth by Frate et al. (2017a,b), and it may
result in a higher energy production during discharge and thus
in improved performance. A PTES with thermal integration is
called TI-PTES.

A detailed mapping of TI-PTES performance was performed
by Dumont et al. (2019), and several other authors investigated
the TI potentiality (e.g., Jockenhofer et al., 2018; Staub et al., 2018;
Steinmann et al., 2019).

By using TI, the additional heat is not stored directly in
the thermal reservoir. The idea followed here and in the cited
studies is to decouple the charge and discharge cycle temperature
levels. This is done with a low-grade heat source (T, < 80°C)
which powers the HP evaporator during the electrical energy
conversion into heat (charge phase). The thermal energy is
upgraded by the HP and stored in the hot reservoir. Due
to the operating temperature level, especially designed high
temperature VCHPs (HT-VCHPs) must be used. HT-VCHPs are
growing in popularity for waste heat recovery purposes, and some
commercial applications may already be found (Arpagaus et al.,
2018). This means that the TI-PTESs based on HT-VCHP and
ORC could be a storage system with very high TRL as of today.

Due to TI use, the system may lose one of the two thermal
reservoirs. In this and in previous studies by the authors (Frate
et al., 2017a,b, 2020), the lost reservoir is the cold one. However,
the opposite may be done, as discussed in Dumont et al. (2019)
and in Peterson (2011), where an additional heat source is used
to replace the hot reservoir while the cold one is maintained.
As demonstrated by Dumont et al. (2019), this second option is
always worse from a thermodynamic point of view, but it may
be preferred for practical reasons (e.g., easier use of latent heat
storage, in the case of ice use).

Besides the electrical round-trip efficiency (i.e., the ratio
between discharged and charged energy), which is crucial, many
other parameters can be used to characterize the performance
of an electrical energy storage. One of the most important is
the cost. Efficiency and cost must be considered at the same
time for electric storage because they both deeply affect the
storage economic performance. Recent studies demonstrated
that less efficient, but cheaper, technologies may achieve better
overall economic performance than the more expensive and
more efficient technologies. This is especially true when large
capacities are considered (Zakeri and Syri, 2015; Smallbone et al.,
2017; Georgiou et al., 2018; Frate et al., 2019b). For grid-scale
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applications, long storage durations (higher or equal to 4h)
are often targeted, so the cost per kilowatt hour becomes the
most influential parameter. This is the reason why CAES and
CBs are often proposed as an alternative to PHES instead of
electrochemical batteries, which may feature not only unmatched
performance but also much higher costs per kilowatt hour
(Zakeri and Syri, 2015; Aneke and Wang, 2016; Frate et al.,
2019b).

For CBs, efficiency and cost both depend on the
thermodynamic cycle arrangement, which can be designed
to find the optimal trade-off between the two. Therefore,
to search for an optimal configuration, the design must be
formulated as a multi-objective problem. This has been done, to
the best of the authors’ knowledge, for Rankine PTES systems
based on supercritical CO, cycles (Morandin et al., 2013), and
for Brayton PTES systems (Smallbone et al., 2017; Georgiou
et al,, 2018), but not for TI-PTES systems based on organic
fluids. Therefore, there is a knowledge gap on this topic for what
concerns TI-PTES applications.

As an original contribution to the research on the PTES
topic, a thermo-economic analysis of a TI-PTES system based on
HT-VCHP and ORC is proposed in this paper. The analysis is
conducted in the multi-objective optimization framework, and
the trade-off between efficiency and cost is investigated. The
analysis is performed for different power ratings and storage
durations, and the effect of the heat source temperature levels is
discussed. Furthermore, the impact of each component on the
total cost is investigated. As it resulted, the TI-PTES systems
may achieve competitive economic performance. For an easier
exploitation of paper results in economic scenario analyses, cost
scaling rules were defined.

METHODOLOGY

System Layout
In the investigated system, the charge phase uses a HT-VCHP,
whereas the discharge phase uses an ORC.

During the charge phase, the HT-VCHP absorbs electrical
energy to move the heat from the heat source to the thermal
energy storage (TES). Therefore, the electrical input is converted
into thermal energy and stored together with the thermal input
from the heat source. In the TES, the energy is conserved for
the required time, waiting for discharge. In the meantime, the
TES energy content is slightly reduced due to thermal losses.
During the discharge phase, the ORC uses, as an input, the
thermal energy stored in the TES. The stored thermal energy is
thus converted by the ORC to produce the TI-PTES electrical
output. The residual thermal energy at the ORC condenser
is rejected into the environment. According to the above-
mentioned operating principles, the TI-PTES is a hybrid thermal
and electrical energy storage, which is powered by both thermal
and electrical energy, and it gives back electrical energy. A
detailed description of the energy flow rates between the TI-
PTES subsystems (HT-VCHPTES, and ORC) and the related
calculations may be found in Frate et al. (2017a, 2020).

As for the TES, a two-reservoir sensible heat storage is
used, even though different TES technologies may be used. A
two-reservoir TES represents the simplest solution from the

design and control points of view. Compared to latent heat
storage, it does not impose any set temperature value in the
design phase. Furthermore, it guarantees almost constant charge
and discharge temperature profiles, differently from one-tank
solutions where thermocline occurs due to mixing. Sensible
heat TESs may feature energy density values lower than latent
heat storage ones. However, it is unclear if reliable and durable
latent heat storages are currently available in the investigated
temperature range (100-180°C) (Zalba et al., 2003; Reddy et al,,
2018).

In the investigated system, HT-VCHP and ORC are internally
regenerated, which is a standard in stand-alone applications
(Arpagaus et al., 2018; Braimakis and Karellas, 2018). The
resulting layout has been already investigated from the
thermodynamic point of view in previous studies (Frate et al,,
2020), and it can be considered as a standard for TI-PTES systems
based on organic fluids. More advanced architectures may be
found in literature (as in Staub et al., 2018; Dumont et al.,
2019), but here only the standard one is investigated for the
sake of simplicity. The investigated TI-PTES layout is reported
in Figure 1.

Modeling Hypotheses

HT-VCHP, ORC, and TES performance is affected by some
parameters which are assumed to be fixed in the design.
This approach is common for techno-economic optimization
studies (e.g., see Song et al, 2020) in order to reduce the
problem complexity while also maintaining a realistic system
description. The fixed parameters here include heat source
temperatures, compressor and turbine isentropic efficiencies,
minimum heat exchanger approach points, HT-VCHP or ORC
minimum pressure level, etc. The related numerical values are
reported in Tables 1-3 for the HT-VCHP, the ORC and the
TES, respectively. Some of these parameters may have a direct
impact on the performance (e.g., isentropic efficiencies), whereas
others represent technical constraints, which must be considered
to provide a realistic system representation. This is the case
of Tnaxhp> Pminhp> and puinore, Which set the boundary for
system temperature and pressure design levels. For example,
Tmax,hp sets the maximum compressor discharge temperature to
180°C because lubricant oil degradation may occur at higher
temperatures (Jensen et al., 2015; Ommen et al,, 2015), although
oil-free compressors could be used. In this case, the maximum
compressor discharge temperature could reach 200°C since
several HT-VCHP working fluids start to decompose over such
temperatures (Frate et al., 2019a).

Heat exchanger pinch points limit the minimum temperature
differences in the heat exchanger that may be assumed in the
design. However, higher temperature differences may be selected
during design optimization to reduce the equipment cost.

As far as piinp and Piinorc are concerned, 1 bar is assumed
as a minimum to avoid air infiltration (Quoilin et al., 2013).

In the ORC, an air condenser is assumed. In this case, the
fan consumption must be cut out from the gross ORC power
output. The fan consumption depends on the air side pressure
drop (Appy,) and on the fan “efficiency” 7y, which accounts
for the whole conversion between electric and mechanical power
transmitted to the air.
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FIGURE 1 | Investigated system layout.
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TABLE 1 | HT-VCHP technical and operational parameters.

TABLE 2 | ORC technical and operational parameters.

Parameter Value Unit Parameter Value Unit
Nis,cmp 0.80 - Nis,exp 0.85 -
TNvol,cmp 0.80 - Nis,pmp 0.70 -
Tel—mec,mot 0.90 - Nel—mec,mot 0.90 -
PPev,hp 2 K Nel—mec.gen 0.95 -
PPcd,np 2 K PPy orc 2 K
PPrgnp 2 K PPed orc 2 K
Tmaxhp 180 °C PPrg orc 2 K
Pminhp 1 bar Tmax,orc 180 °C
ATminhp 10 K Prmin,orc 1 bar
Viomp,max 1000 m¥h  ATminerc 10 K
Operating fluid R1233zd(E) - APtan 100 Pa
Nfan 0.60 -
Tin‘a/‘r 15 °C
Other relevant modeling assumptions are: Toutair 25 °C
. ATscore 5 K
e pressure drop in all the heat. exc.hangers are neglected; Ussore 0.50 KW/(2K)
e only the.: steady-state operation is analyzed; A 65 Kk
e the environmental temperature T, i = 15°C; Operating fuid R123320(E) i
[ ]

the air temperature glide across the ORC condenser is fixed

and ATyir = Toutair = Tinair = 10 K;

e the heat source maximum temperature, i. e., the temperature
at which the heat is provided to the HT-VCHP evaporator, is
assumed to vary between T4y src = 80°C and Ty, src = 60°C;

e the heat source temperature glide across the HT-VCHP
evaporator is fixed and AT = Tout,src — Tinsre = 10 K

e TES losses are considered through a fixed efficiency 1 = 0.95,

which accounts for both thermal losses and TES circulation

pump parasitic consumption;

e thermal energy input from the heat source is considered as
readily available. As detailed in Frate et al. (2017a, 2020), the
low-temperature (i.e., low-grade) thermal energy used by the
TI-PTES could be provided by several different heat sources:
low concentration solar collectors, low enthalpy geothermal
resources, and industrial waste heat. If solar and geothermal
resources are considered, to disregard the economic cost
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TABLE 3 | TES technical and operational parameters.

TABLE 4 | R1233zd(E) thermophysical properties.

Parameter Value Unit
Ntes 0.95 -
ATmr’n‘les 10 K
TES material Water -
TES material state Liquid -

associated with the source realization, it must be assumed
that the TI-PTES is installed with an already existing solar
or geothermal plant. Therefore, the TI-PTES cost resulting
from this analysis must not be used for a stand-alone plant if
solar or geothermal applications are considered. For a stand-
alone configuration, the solar collectors and geothermal wells
cost must be included. In this case, the analysis may provide
useful economic insights for what concerns the electrical
energy storage part of the system. As for the industrial
waste heat exploitation, several industrial sectors may provide
abundant heat at low temperatures. Forman et al. (2016) report
that around 40% of industrial waste heat is at temperatures
lower than 100°C. This share may be up to 80% in the
electricity generation sector. Briickner et al. (2015) point out
that 50% of process heat in food and tobacco industries and
25% of process heat in pulp and paper and in chemical
industries are below 100°C. Hence, these processes reject heat
at a temperature potentially suited for TI-PTES applications.
Potential low-grade heat vectors are cooling water from
furnaces, internal combustion engines, compressors or process
steam condensate as well as exhaust gases (Briickner et al.,
2015). Of course, not all these heat may be recovered, and
in some cases the recovery may cause undesired side effects
(e.g., exhaust gases acidic condensation). For these reasons, the
actual waste heat availability in the desired temperature range
is difficult to estimate. In all cases, additional costs due to the
waste heat recovery system integration into the industrial plant
may be borne. These “integration costs” are traditionally not
included in the system purchased equipment cost (PEC) but
are considered in the total investment cost (TIC) by means of a
PEC multiplicative factor (Lemmens, 2016). According to this,
the same approach is followed in the analysis.

HT-VCHP and ORC Working Fluid Choice

HT-VCHP and ORC performance and cost are deeply affected
by the working fluid choice (Chen et al., 2010; Arpagaus et al,,
2018; Frate et al., 2019a). This is reflected on the TI-PTES, whose
performance is affected by the working fluid pair combination
(Frate et al., 2017a,b, 2020). Several authors investigated the
TI-PTES performance with different operating fluids, often
using the same fluid for both HT-VCHP and ORC. TI-PTES
performance with R365mfc is investigated in Staub et al. (2018),
butene in Jockenhofer et al. (2018) and Steinmann et al. (2019),
and R1233zd(E) and R1234yf in Dumont et al. (2019). An
extensive comparison between 17 fluids is performed in Frate
et al. (2017a), and R1233zd(E) was found to be the one with
the highest efficiency among those with low GWP. In Frate

Fluid Terit °C)  perit (bar)  NBP (°C) GWP  ASHRAE safety
classification
R1233zd(E) 166.5 36.2 18.0 1 Al

et al. (2020), eight fluids [cyclopentane, pentane, R1233zd(E),
R1224yd(Z), R245fa, R1336mzz(Z), R365mfc, and R1234ze(Z)]
and their pairwise combinations were investigated. The pair
with the highest electrical round-trip efficiency was the one
using cyclopentane in both HT-VCHP and ORC. Nonetheless,
it was also found that several other different pairs may achieve
comparable performance especially if the design is not fixed and
can be optimized case by case.

Here, R1233zd(E) is selected as the TI-PTES working fluid.
The choice is based on the results reported in Frate et al.
(2017a,b) and Dumont et al. (2019) which identify R1233zd(E)
as a promising fluid for TI-PTES applications. As far as the
other above-mentioned fluids are concerned, R1233zd(E) is safer
than butene and cyclopentane as it is not flammable, and it has
lower environmental impact than R365mfc (GWP = 804). In
addition to this, R1233zd(E) is one of the best fluids for HT-
VCHP, from both the efficiency and the cost points of view.
As a matter of fact, HT-VCHP cost is strongly affected by
the compressor cost, which mostly depends on the refrigerant
volumetric flow rates. According to Arpagaus et al. (2018) and
Frate et al. (2019a), R1233zd(E) is characterized by a good
compromise between the HP coefficient of performance (COP)
and low volumetric flow rates. Therefore, R1233zd(E) is not only
a good fluid from a thermodynamic standpoint but may also limit
the equipment cost if compared to other fluids. The R1233zd(E)
thermophysical properties are reported in Table 4. The fluid
properties are evaluated by means of REFPROP v. 10.0 (Lemmon
etal., 2018). REFPROP is invoked by means of CoolProp v. 6.3.0
(Bell et al., 2014).

Performance Parameters

In this analysis, the trade-off between round-trip efficiency and
cost is investigated. Therefore, these two parameters must be
defined. Based on the TI-PTES subsystem energy balances and
by following the same approach outlined in Frate et al. (2017a,b,
2020), the electrical round-trip efficiency 1, may defined as in
Equation (1):

n _Eorc
rt — E

= COP - Norc * Mtes (1)
hp

It is worth mentioning that under some circumstances 7,
may be higher than 1 (as demonstrated in Frate et al., 2017a;
Dumont et al., 2019). This is because 7, considers only electrical
inputs and outputs, while it disregards the thermal energy input
absorbed in the charge phase. Therefore, n,; is not a global
efficiency but only an electrical efficiency. Since the TI-PTES is
an electrical energy storage technology, this is the most important
performance parameter to consider. This is especially true from
the economic point of view as n,+ has a direct impact on the
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storage economic revenue. However, since a thermal energy
input is used, different performance parameters may also be
considered, such as energy efficiency, as done in Dumont et al.
(2019) and Frate et al. (2020). The trade-oft between energy
efficiency and 7y is analyzed in detail elsewhere (Frate et al,
2020); thus, it is not discussed here.

By considering the common definitions of COP and 7y, the
former can be written as in Equation (2):

Aheapp

copr = ()

Ahcmp,hp/nel—mec,mot

where Ahgyppp and Aheyp, are the refrigerant enthalpy
differences in HT-VCHP compressor and condenser,
respectively. As for n,. (Equation 3), the net power output
is equal to the turbine power output minus the circulation pump
and condenser fan consumptions:

Norc =

Ahpmp,arc — Ah . APﬁm
cd,orc Pair-Pair Nfan*(Tout.air— Tin,air)

Ahexp,orc * Nel—mec,gen —

Tel—mec,mot

Ahev,urc

3)

where  Ahexpore, Ahpmpores Ahedores and  Ahgyorc are  the
refrigerant enthalpy differences in the ORC expander, pump,
condenser, and evaporator, respectively. cpgir and pg;r are the
air-specific heat and density, which are averaged between Tyt ir
and Tjy gir-

Besides 7,, the other relevant parameter is the system cost.
The TIC is calculated as the summation of the single component
PECs, as in Equation (4):

TCI = Kiic - »_ PEC; = Ky - PECyoy (4)

1

There is no consensus over the value of the parameter Ky, which
accounts for all the additional costs due to contracting, building,
land use, system integration, etc. K. depends on whether the
system is built from scratch, it is placed in an already used site,
it is a repowering of an already existing system, etc. Furthermore,
different authors assume different Ky values for representing the
same cost items. Thus, 1.4 is assumed in Astolfi et al. (2014a,b),
4.16 is assumed in Jensen et al. (2015) and Ommen et al. (2015)
according to Bejan et al. (1996), and 1.18 is assumed by van Kleef
etal. (2019) and Song et al. (2020) based on the recommendations
in Turton et al. (2009).

To avoid the uncertainty due to Ky numerical value, in the
design optimization problem the PEC is considered and not the
TIC. In this case, even if the considered numerical values are
different, the physical meaning of the efficiency and cost trade-off
is the same. The components considered in Equation (4) are HT-
VCHP evaporator, condenser, regenerator, and compressor; ORC
evaporator, condenser, regenerator, pump, turbine, and electric
generator; and, finally, TES material and storage volume. For
each of these, a cost correlation was used for the PEC estimation,
as reported in the next section.

Equipment Cost Functions

For the ORC components, the cost correlations from Astolfi
et al. (2014a,b) were used. Since the HT-VCHP heat exchangers
share the same technology with the ORC ones, the same cost
correlations are used. For the HT-VCHP compressor, a self-
derived cost function based on vendor data (Bitzer, 2019) was
proposed. For the TES, the cost functions derived from those of
Turton et al. (2009) were used.

As it was discussed in Lemmens (2016), the cost model
accuracy is suited for first estimation purposes. Therefore, the
resulting TI-PTES cost should be regarded as suited for a
technology comparison study. However, in case of more specific
applications, a more economic assessment should be performed.

For the HT-VCHP evaporator, HT-VCHP condenser, and
ORC evaporator, the following cost correlation may be used (PEC

in k€):

UA 0.9
PEC, = 1500 — . 5
cd,hp/ev,hp/ev,orc <4000) ﬁ’ ®)

where U is the heat exchanger global heat transfer coefficient in
kW/(m?K), and A is the heat exchanger area in m2. fp accounts
for the heat exchanger operating pressure p in bar (Equation 6):

f= 10lar+azlog(p)+as-(p)] (6)

where a1 = —0.00164, o = —0.00627 and a3 = —0.0123.
For both HT-VCHP and ORC regenerators, the following cost
function may be used (Equation 7):

UA 0.9
PECrg,hp/rg,arc = 260 - (@) fp (7)

In Equation (5, 7), since the UA product is the relevant parameter,
a direct estimation of U may be avoided. As a matter of fact, UA
may be calculated from the heat exchanger number of transfer
units (NTU) (Equation 8):

UA = NTU; - (rncp) (8)

J
where j defines the heat exchanger side (hot/cold) and (r'ncp)j
is the j-th fluid heat capacity rate. If in at least one of the heat
exchanger sides a single-phase fluid flows, (rizcp) is well-defined,
and Equation 8 may be used to calculate either NTU; or UA.
Here, (r'ncp)j is referred to the sides in which single-phase fluids

flow, i.e., ORC evaporator hot side, HT-VCHP condenser cold
side, and HT-VCHP evaporator hot side. A heat exchanger where
both heating and/or cooling and phase change occur may be
approximated with a series of i-th heat exchangers where only
one of these processes occurs (VDI, 2010). For a heat exchanger
series, the global NTUj is calculated as the summation over the
i-th NTUj;. Each NTUj; may be estimated as a function of the
heat exchanger inlet and outlet temperatures and of the fluid heat
capacity rate ratio by means of correlations. Different approaches
may be found in the literature (¢ -NTU, P-NTU, etc.). In this
analysis, the P-NTU method from VDI (2010) is used. The
related correlations are different according to the heat exchanger
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fluid arrangement. Here the correlations for shell-and-tube heat
exchangers with one shell side pass and two tube side passes
(S&T-12) are used (VDI, 2010). It is worth mentioning that the
heat exchanger temperature profiles and fluid mass flow rates are
defined during each step of the design optimization problem (see
section Design Optimization Problem). Therefore, for each TI-
PTES design, NTUj; may be estimated and, from these, each heat
exchanger UA may be calculated.
For the ORC pump, Equation (9) is used:

W 0.67
PECpmp,orc =14- <1;rg};,or6> (9)
where mep,orc is the ORC pump nominal power input.
For the electric generator, Equation (10) is used:
p 0.67
Whet,
PECgen,urc =200 - ( g(e)oorc> (10)
where Wnet,orc is the ORC nominal power output.
For the ORC condenser, Equation (11) is used:
Ay 0.9
PEC.4 orc = 530 - ( ;5 ’6"3“> (11)

which is calculated by assuming U,y orc = 0.5 kW/(m?K).
For the ORC turbine, the following cost function is used
(Equation 12):

Ny 0.5 SPiuq 1.1
PEC =1230-| — . 12
exp,orc < D > 0.18 (12)

Ny is the turbine number of stages, estimated by assuming
that the maximum enthalpy drop per stage is Ahg max = 65
kJ/(kgK) (Astolfi et al., 2014a,b). SPy, is the turbine last-stage size
parameter, calculated as in Equation (13):

=

1
SPlast = (‘./ex‘z;,out)E ' (Ahis) (13)
where Vexp,om is the volumetric flow rate at the turbine outlet
in m%/s and Ah;, is the isentropic enthalpy difference across the
turbine last stage.
For the HT-VCHP compressor, the following (Equation 14)
was used:

)078

PEC,pip = Nemp - 240 - (Vemp,in - 3600 (14)

oV
where Ny = ceil (V’eﬂ

cmp,max

run in parallel, and the function ceil(-) yields the nearest upper
integer of its argument. Vreg,out is the total volumetric flow rate
at the HT-VCHP regenerator outlet, chp,mux = 1,000 m3/h is
the maximum volumetric flow rate for the single compressor.
This value is used because, for higher volumetric flow rates, the
cost correlation in Equation (14) may be not accurate. chp,m =

) is the number of compressors that

Vreg,out

Womp-3600) 18 the volumetric flow rate at the compressor inlet

TABLE 5 | TES cost correlation parameters (Equation 15).

Parameter Tank Vessel
B —0.0003 -0.216
Bo 37.04 465.14
B3 50990 4,300.6
Gy 1.49 1.49

Go 1.52 1.52

Yo 1 Equation 16
Vinax [M®] 10,000 600

in m®/s. Equation (14) refers to commercial screw compressors,
which are suited for large refrigeration applications (Bitzer,
2019). Refrigeration compressor cost must be used since, to
the best of the authors’ knowledge, no commercial HT-VCHP
compressor cost data are available. However, as the compressor
technologies for both refrigeration and HT-VCHP applications
are the same, the publicly available cost data from vendors may
be used. A similar approach was followed in Jensen et al. (2015)
and Ommen et al. (2015).

Finally, conditional cost correlations are used for the
TES. The correlation parameters vary as a function of the
operating pressure. For operating pressures lower than 1.07 bar,
atmospheric tanks are used; otherwise, pressurized vessels are
used. In both cases, the cost function may be written as in
Equation (15):

2
PEChot/cold = Ninkjvsl * [.31 “ (Vhotjcotd)” + B2 Viot/cold
+ B3] (Gi+ Gy yp) (15)

where Ninkjvsl = Ceil(vhot/cold,tot / thk/vsl,ax) is the number of
tanks/vessels used in parallel. Vi) coid o is the total volume
needed to store the prescribed amount of thermal energy.
Vhot/cold = Vhot/cold,tor | Nyor is the single hot/cold tank/vessel
volume. The Equation (15) coefficients are reported in Table 5
for tanks and vessels, respectively. In case of vessels, yj, is written
as in Equation (16) (Turton et al., 2009):

1)-Dys
Sty + 0.00315)

0.0063

Ypvsl = (16)
where p is the operating pressure in bar and D, is the vessel
diameter. For the sake of simplicity, the vessel is assumed to be
a cylinder with height equal to diameter, such that D, = (4-V g
/)3,

For the TES material cost, a simple linear relation was used.
Water is assumed as storage material; hence, the cost can be
calculated as in Equation (17):

PECyat = Cwater - Mwater (17)

where c¢ygrer = 0.0014 €/kg is the water cost for industrial
uses (European Enviroment Agency, 2019) and M, is the
mass of the water required to store the prescribed amount of
thermal energy.
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Cost correlation results were updated to 2018 by means of the
2018 CEPCI indicator value (i.e., 603), which is the last known
value for this parameter. Correlations from Astolfi et al. (2014b)
should be updated by considering CEPClyp14 = 576, whereas
the correlation from Turton et al. (2009) should be updated by
considering CEPClyp; = 397.

Design Optimization Problem
To explore the trade-off between 7,; and PECy,, a multi-objective
optimization approach is followed. The TI-PTES is designed by
means of an optimization problem, which adjusts the HT-VCHP,
TES, and ORC design parameters to promote one of the two
performance parameters.

The TI-PTES design optimization problem is written as in
Equation (18):

Minimize g (x) (18)
xePTR™M

where x is the vector of the optimization variables, i.e., the design
parameters. ® is the feasible region, and the R™ subset is defined
by the problem constraints, which defines the TI-PTES design
space. m is the optimization problem dimensionality, i.e., the
number of optimization variables, which is 10 in this case. g(x)
is the problem objective function. It may be equal to 1, or PECyy;
if a single objective design is performed, or it is equal to the
following scalar function gy (x) in the case of a multi-objective
problem (Wierzbicki, 1980; Miettinen, 1998) (Equation 19):

|:gi (X) — Ziref ] (19)

r(x) = max
&f 8nad,i — id,i

i=1,2

where vector function g(x) = [1,+(x), PECsy(x)] is the objective
vector and gf = [7,» PECio;] is an arbitrary point in the
objective space to be achieved. Such point represents the decision
maker aspiration level, which can be either feasible or unfeasible.
8naq and gig are the Nadir and ideal objective vectors, respectively.
Nadir vector represents the worst possible objective combination,
whereas the ideal vector represents the best possible objective
combination. By using g, and g4, the numerical scale difference
between objectives is eliminated and the optimization problem
is well-scaled. By minimizing gy, the reference point gets
“projected” onto the Pareto front and the resulting optimal x*
yields one Pareto front point. By varying g.f, the Pareto front
can be explored.

In order to design the TI-PTES thermodynamic cycles, the
following design parameters, i. e., ¥ components, are adjusted:

o Tovnps Teapps ATgppp, and ATy pp, which represent the
HT-VCHP evaporation and condensation temperatures, the
superheating at the regenerator outlet, and the subcooling at
condenser outlet;

e Tevores Tedoro and ATg o, which represent the ORC
evaporation and condensation temperatures and the
superheating at the evaporator outlet;

e Tiaxtes and Tin tes, Which represent the TES maximum and
minimum temperatures;

o AT orc, the temperature difference between the inlet and the
outlet of the ORC regenerator hot side. This variable controls
the ORC regeneration degree.

ATseore, i.e., the subcooling at the ORC condenser outlet,
is assumed, and not optimized, because it is a necessary
ORC feature to prevent pump cavitation, but it is usually
minimized as it is negative for cycle efficiency. Likewise,
there is no need to optimize the HT-VCHP regeneration
degree AT, pp. This is because the HT-VCHP regeneration is
used to provide the required superheating at the evaporator
outlet. Hence, ATy, can be directly calculated from
the HT-VCHP regenerator energy balance as a function
of AT pp-

As far as the feasible region @ and the constraints are
concerned, they are used to make the TI-PTES design realistic
and to avoid unphysical and unfeasible configurations. The
constraints are formulated as inequalities to be satisfied.
The complete list of constraints is not reported here, for
the sake of brevity, as it can be found in Frate et al.
(2020). However, the constraint purposes may be summarized
as follows:

e some constraints are dedicated to the observance of heat
exchangers minimum pinch points. This prevent heat
transfer with null or negative temperature difference
from occurring;

e two constraints guarantee that the HT-VCHP compression
and the ORC expansion end with dry vapor;

e some constraints enforce subcritical working conditions to
both HT-VCHP and ORC, while some others guarantee
that neither maximum allowable temperatures nor minimum
allowable pressures are exceeded;

e one constraint guarantees that the ORC power output is non-
negative, whereas another one guarantees that the HT-VCHP
COP is equal or higher than 1;

e three constraints guarantee that the ORC, the HT-VCHP, and
the TES are designed such that Tey 5y < Teanps Tevore > Ted,ores
and Tiaxtes > Tomin,tess

e finally, some constraints guarantee that the mass and energy
balances are always observed inside, and between, each TI-
PTES component.

The optimization problem in Equation 18 was solved with
a SQP algorithm, as implemented in MathWorks (2019). In
theory, the problem is not differentiable and without any
analytical representation. As a matter of fact, to compute
objective function, the REFPROP routines are called several
times to calculate the required fluid thermophysical properties
in each thermodynamic cycle point. Each REFPROP call
numerically solves the fluid equation of state. In this case,
the problem objective function is black box, which can be
numerically evaluated, but it does not have analytical derivatives.
Nevertheless, as the SQP solver numerically approximates
gradients and hessians, it is possible to solve the problem
if it is sufficiently smooth. This is exactly the case due
to the general smoothness of the fluids thermophysical
properties. Therefore, the problem is solvable with a gradient-
based approach.

However, Equation (18) problem is highly non-linear.
Therefore, the solver is likely to be trapped in a local minimum.
To try to prevent this from occurring, a multi-start strategy was
adopted and each optimization is repeated 20 times, starting
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TABLE 6 | Investigated configurations.

Parameter Investigated range
T/n,src 60-80°C

Tch = Tdis 4-8 h

Wp 500-5,000 kW

from different initial points randomly chosen, and the best result
is collected.

It is worth noting that, as a general rule, the same optimization
problem may be solved with different algorithmic approaches.
Here, as the analysis deals with the system design, and not,
for example, with its control, the optimization problem must
be solved a limited number of times. In this case, algorithm
speed and efficiency are almost irrelevant, whereas reliability (i.e.,
the ability of consistently finding a satisfactory optimum point)
is the most important feature. By experimenting with different
algorithmic approaches based on gradients, like SQP or interior
point algorithms, or not, like genetic algorithm and generalized
pattern search algorithms, SQP was found as the most reliable
one for the problem under investigation.

Even though algorithm speed is not a relevant feature in
this case, the SQP resulted to be quite fast. Despite that each
optimization was repeated 20 times, due to the multi-start
strategy, finding a satisfactory Pareto front approximation for
one TI-PTES configuration usually took <10 min on a common
desktop PC equipped with Matlab v. 2019b.

Investigated Configurations

In order to investigate the trade-off between round-trip efficiency
and cost for different TI-PTES configurations, some optimization
problem boundary conditions are modified each time. These are
the nominal HT-VCHP power input (storage charge power),
the storage duration, and the heat source temperature. In this
analysis, HT-VCHP power inputs comprising between 500 and
5,000 kW, are analyzed. This is the TI-PTES power range that
is investigated in the paper. As for the storage duration, charge
and discharge time (7, and t4;) ranging from 4 to 8h were
considered. Charge time and HT-VCHP nominal electric power
input may be multiplied to find the storage electric capacity
in kWh,). From this, the ORC nominal power output may be
determined as in Equation (20):

p Eorc Epp - 1yt Wh *Tch s Nt
Wnet,urc = = b = ? (20)
Tdis Tdis Tdis

For the sake of simplicity, in the analysis, 7 = 74 for each
investigated configuration. Of course, different configurations
may be designed, but this must be decided after having identified
a case study, which is out of the scope of the present analysis.

As for the heat source, Tiyqc values ranging from 60
to 80°C were considered. The investigated configurations are
summarized in Table 6.

Cost Scaling Laws
After having solved the multi-objective optimized design for
several different configurations, the PEC may be described as
a function of Tinsre, Tehs Whp, and 7,;. More details on the
functional form choice will be provided in the next section. Here
the equations that are used to describe the TI-PTES cost scaling
for different configurations are just introduced. Instead of using
a single equation for PECy,, two equations are used to describe
the TI-PTES power conversion section and energy conservation
section PEC, i.e., PECp; and PEC,;. The first accounts for the
HT-VCHP and ORC cost, whereas the second accounts for the
TES cost.

In both cases, the equation that is fitted to the data is the
following one (Equation 21):

d
PECecs/pcs = [A : (nrt)z + B0+ C] : (Xecs/pcs) -10° (21)

where A, B, and C are cubic functions of Tgiy, as in
Equation (22):

3 2
A=ay- (Tsrc,in/75)3 +a;- (Tsrc,in/75)2 + a3 - Tsrein/75
B=b - (Tsrc,in/75) + b - (Tsrc,in/75) + b - Tsre,in/75 (22)
3 2
C=c- (Tsrc,in/75) +c2- (Tsrc,in/75) +¢3 - Tspe,in/75

Coefficients a;, b;, and ¢; must be fitted from data, as well as
coeflicient d.

In the case of power conversion section PEC, Xp; =
WhP /103, Otherwise, for the energy conservation section, X, =

Whp . Tch/103~

RESULTS

The first presented results are those related to Figure 2, where
the Pareto fronts resulting from the optimization problem in
Equation (18) are reported. Each front corresponds to one Tiy, s,
T, and Whp combination. As it resulted, the trade-off between
ny and PECyy is very strong: the PEC may increase up to
five times from minimum to maximum 7, combinations. In
Figure 2, the impact of Tjy s, Tep, and Whp on Pareto fronts may
be observed. As it resulted, the two most impactful parameters
are Tjy o and Whp. Tin,src does not change the PEC;,; values, but
it changes the 7, values for which they are achieved. Conversely,
Whp does not impact the maximum achievable 7,+, but it strongly
influences the resulting PEC;o; as a larger system naturally costs
more than the smaller ones.

Since Tjyerc controls the maximum achievable 1, values, it
controls also where the Pareto front slope changes, which is
where the PEC starts to quickly increase. From these points
onwards, each 1, increase requires higher PEC increases, thus
discouraging the adoption of higher efficiency values.

If the configurations with 7, < 0.5 are considered of no
practical interest, then Figure 2 results demonstrate how T, s
> 60°C should be always adopted. For efficiency values lower
than this threshold, e. g, 7, < 0.4, the PECy, resulted to be
independent from Tj, .. This happens because, for such 7,
values, Tjy, s does not act anymore as a limitation. In this case,
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FIGURE 2 | Pareto fronts of electrical round-trip efficiency n. and total equipment purchasing cost PEC;.;. Results are reported for several heat source temperatures
Tinsrc, several storage duration ¢y, and system nominal power input Whp.

the Tjnsrc impact becomes negligible and all the configurations  temperature can be increased, and the ORC may achieve higher
start to behave similarly. evaporation temperatures and thus higher efficiencies. Therefore,
The second influential parameter is the TI-PTES nominal  the pressurized vessel configuration has not only higher costs but
charge size Whp. Even though larger systems naturally entail  also higher 7, values.
larger costs, Whp does not influence the PEC;y linearly. A As reported in Figure 3A, the ORC evaporation temperature
preliminary estimate suggests that, for Whp between 500 and  level is always lower than 100°C, even in the case with maximum
2,000 kW, the PEC,; increases with a rate of around 5.3  7rt. This demonstrates that the pressurized vessels are never
k€/kW, whereas for Whp between 2,000 and 5,000 kW, therate ~ selected by the optimizer, not even in the case of maximum
is lower, around 4.7 k€/kW,,. This shows that PECy, increases  7rt- It is worth noting that, for maximum 7, configuration, the
with the size at a sublinear rate, i.e., it follows a power law, PEC has zero relevance on the optimizer outcome; therefore,
as it was anticipated in section Cost Scaling Laws. This is a it would use the pressurized vessels to further increase 7y
common feature for systems like HT-VCHP and ORC, and it  if needed. This conclusion is also supported by the ORC

stems from the non-linearity of the cost correlations in section ~ €vaporation temperature profile reported in Figures 3B,C. As a
Design Optimization Problem. matter of fact, the only reason for using pressurized vessels is to

As far as 7, is concerned, it has a lower impact on PEC,, if ~ increase the ORC evaporation temperature. Therefore, it would

compared to Ty and Whp~ With Tjye and Whp being equal, be meaningless to use them without exploiting this advantage
higher 7., entails higher absolute costs as the storage capacity ~ and leaving the ORC evaporation almost constant, as can be
is increased. However, by doubling the capacity, as was done found in Figures 3B,C. This confirms that pressurized vessels are
by passing from 7, = 4h to 74 = 8h, PEC is not doubled. ~ never selected. This is a remarkable result since it provides useful
There are two reasons for this behavior. First, the TES represents ~ design guidelines on the TES and on the ORC. In summary,
only a PECyy; part, around one third, as it will be demonstrated only atmospheric tanks should be used for the investigated TI-
hereinafter. Second, PECy; itself does not increase linearly PTES system. This implies that temperatures lower than 100°C
with the stored kWhy, i.e., with the capacity, as the TES cost ~ must be used in the TES. This also impacts the ORC evaporation
correlations are not linear with the volume. Conversely, the cost ~ temperature, which should be kept constant and as high as it is
related to TES material follows a linear trend, but this represents allowed by the TES temperature profile.
a negligible share as it will be demonstrated hereinafter. A further implication of this result is that neither TES nor
In Figure 3, it is demonstrated how the trade-off between 1,; ORC temperature profiles have any role in controlling the trade-
and PECy is controlled along the Pareto fronts. As it resulted off between 7,y and PECy; as they are constant for several
from Figures 3A-C, the ORC evaporation temperature is almost different configurations.
constant over the Pareto front, at least for 1,+ > 0.5. To interpret As it is demonstrated in Figures 3A-C, the main distinctive
this result, it may be useful to remember that the optimizer can feature between the TI-PTES cycle arrangements along the
choose between atmospheric tanks and pressurized vessels when ~ Pareto front is the HT-VCHP temperature lift AT,,. ATy, is
the TES is to be designed. Atmospheric tanks have lower costs, defined as the difference between the HT-VCHP condensation
but they also limit the TES temperature profile to values lower ~ and evaporation temperatures and it controls the heat pump
than 100°C. As a consequence, this limits the 7,; as the ORC COP. As it is known, low ATy, yields high COP and vice
must operate with lower evaporation temperatures, thus with a  versa. From Equation (1), it results that the COP controls 7,
reduced 7or.. On the contrary, with pressurized vessels, the TES ~ but how does it control the PEC;? To answer to question,
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FIGURE 3 | HT-VCHP and ORC thermodynamic cycle arrangements on the temperature-entropy plane. The entropy is normalized as it follows:
S = (S — Smin) / (Smax — Smin), Where Smin and spmax are the minimum and the maximum of the entropy achieved over the whole saturation line for T > 280 K. Results
are reported for Tjy se = 80°C, 7cp = 6h, and Whp. = 2,000 kWg. (A) High efficiency configuration. (B) Medium efficiency configuration. (C) Low efficiency
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it must be remembered that the COP may be defined in two
equivalent ways:

e COP is equal to the ratio between the electric power absorbed
by the HT-VCHP (i.e., Whp) and the heat flow rate provided to
the TES (i.e., th);

COP is equal to the ratio between the electric energy absorbed
by the HT-VCHP (i.e., Whp - 7o,) and the heat provided to the

TES (i.e., Qup + Ten)-

Therefore, high COP entails larger heat flow rates and larger
amounts of stored heat and vice versa. In this way, the COP
impacts the TES volume, the heat exchanger surface areas, and
the ORC size. Therefore, high COP entails high 7,; and high cost,
whereas low COP entails low 7,; and low cost.

To understand which Pareto front points are represented in
Figures 3A-C, please refer to Figure 3D.

In Figures 4A,B, the cost composition for two representative
TI-PTES configurations (500 and 5,000 kW, respectively) is
reported and compared.

Previously, how the PEC;,; is controlled along the Pareto front
for n,;; > 0.5 has been discussed. In Figures 4A,B, it is shown how
PECy; is minimized for very low 1, values, i. e., ,+ < 0.2. As can
be noted, for n,; ~ 0, the ORC cost tends to zero. As the ORC
PEC is a function of W, the ORC cost may become zero only if
Wore = 0. For Equation (20), this may happen only if s = 0. As
the minimum HT-VCHP COP is equal to 1, and 1y, is constant
in the analysis, for Equation (1), it must be 1, = 0 to find 7,
= 0. Therefore, for n,; < 0.2, the ORC is designed in such a way

that it artificially reduces the net power output to zero, thus 1oy,
= 0. In this way, Woye = 0; thus, the ORC-related cost may be set
to zero.

Apart from this configuration, it is interesting to analyze
how the PEC is distributed for n,; > 0.5. For Whp = 500 kWy
(Figure 4A) and for 0.5 < n,; < 0.7, the TES is the single costliest
subsystem, from 33 to 41% of PECyy, closely followed by the
ORC, around 35% of PECyy, and the HT-VCHP represents the
remainder. The single costliest component is the ORC turbine,
followed by the HT-VCHP and the ORC heat exchangers. In this
size range, the HT-VCHP compressor has a very low impact on
the cost. Finally, the TES material cost represents a negligible
share over the total.

For higher efficiencies, i.e., 1, > 0.7, the cost is more
evenly distributed among HT-VCHP, ORC, and TES, with
each subsystem representing around one-third of PEC.
As previously discussed, high efficiency configurations
are characterized by higher energy flow rates between the
subsystems. Therefore, the heat exchanger specific impact grows
such that, besides the TES, the HT-VCHP heat exchangers alone
represent the largest PEC share.

In the case of larger nominal power input, i.e., for Whp =
5,000 kW, (Figure 4B), slightly different results may be found.
In particular, the TES has a lower impact, and it now represents
a lower PEC;y share, between 34 and 29%. A similar impact
reduction is also shown by the ORC turbine. For larger power
ratings, the turbine costs similarly to HT-VCHP compressor,
whereas for lower size applications (Figure 4A) the turbine cost is
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FIGURE 4 | Total cost relative composition. Results are reported for Ty s = 80°C and 1o, = 6h and (A) I/Vhp. = 500 kWg and (B) Whp. = 5,000 kWg.

almost three times larger than that of the HT-VCHP compressor.
There are two reasons for this. First, the ORC turbine has the
best economy of scale among all the TI-PTES components.
As a matter of fact, the combined effect of Equation (12, 13)
yields a turbine cost that scale with the power output with an
exponent equal to 0.55. This is the lowest among the TI-PTES
components as most of their cost correlations follow a power
law with an exponent comprised between 0.67 and 0.9. Second,
the HT-VCHP compressor is limited in size, differently from
the ORC turbine; therefore, multiple compressors are used in
parallel for large-sized applications. This partially neutralizes the
effect of the economy of scale brought by the compressor cost
correlation exponent.

Finally, for Whp = 5,000 kW, the most impactful cost items
are the HT-VCHP heat exchangers, which alone accounts for
a PEC share even larger than that of TES, especially if high
efficiency configurations are considered (1,; > 0.7). Similarly, the
second costliest components are the ORC heat exchangers whose
impact is increased, if compared to the case with Whp =500 kW.
This is explained by observing that the exchangers are among
the components with the worst economy of scale, according to
Equation (5, 7), which show how the correlation exponent is
equal to 0.9.

Finally, as it resulted from Figures 4A,B, for both large- and
small-sized configurations, the TES materials are negligible, as
well as those of the ORC pump and the electric generator.

In Figures 5A,B, the results related to PECe.s and PECy,s may
be found. To get rid of the differences in size, the results are
reported in relative terms, i.e., in €/kWh and in €/kW. PEC, o
is defined as the ratio between PEC;, i.e., the PEC of TES
material and tanks, and the storage electric capacity in kilowatt

hour. Similarly, PEC, s is defined as the ratio between the
summation of the HT-VCHP and ORC PEC and the TI-PTES
charge power rating in kilowatt. It is useful to divide PECy,
into power- and capacity-related costs as this may provide an
easier generalization of the results. As a matter of fact, for an
electric storage technology like TI-PTES, the capacity and the
power rating may be designed independently, differently from
what happens for batteries. Therefore, it is useful to characterize
power- and capacity-related costs independently.

From Figure 5A, it may be noted how PEC,, .., decreases as
the storage capacity increases. This is expected as the TES cost
correlation are non-linear, and they benefit from the economy
of scale effects. The specific cost decrement is not constant
with the size. As the capacity increases, the rate of the specific
cost decrement decreases. This behavior is typical of a power
law relation and this justifies the functional form chosen in
section Cost Scaling Laws for the cost scaling law. A similar
conclusion may be drawn also for PECy,jc; based on the results
in Figure 5B. Here the specific PEC decreases, while the TI-
PTES nominal power input increases. As it is expected, the power
conversion section PEC is almost insensitive to storage duration,
ie., to 7y, as the HT-VCHP and the ORC size may be designed
independently from the TES size.

In analogy with what is concluded for PEC,, ., a power law
relation is suited also for describing PECielpes- As it resulted
from Figure 5B, by moving from low to high power ratings, the
PEC¢1 pcs decreases at a lower rate.

Both PEC;;ecs and PEC,,pcs resulted to be affected by the
heat source temperature Tj, s in a similar way to that described
for PECyy in Figure 1. Therefore, Tjy s moves toward higher,
or lower, 1,4 the point in which the PEC is maximized, while
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FIGURE 5 | Relative costs in €/kW and €/kWh as a function of storage size, duration, and heat source temperature values. (A) Relative capacity-related cost €/kWh.
(B) Relative power-related cost €/kW.

the actual PECy,; values are practically unchanged. To consider
this, the scaling laws in section Cost Scaling Laws are formulated
to represent the PEC/n,; relation resulting from Figures 5A,B.
To do this, a quadratic polynomial function is used, but the
parameters of such function are modified by the function
of Tipsre.

The resulting cost scaling laws can describe the TI-PTES
PEC,s and PECys with satisfactory accuracy, as it is shown in
Figures 6A,B where the fit results are reported. As it resulted,
the cost scaling laws defined in section Cost Scaling Laws provide
cost predictions which are, for the vast majority, within a 10%
relative error band from the ideal model. Such ideal model is the
fictious model that would yield perfect predictions for any set of
input data.

The cost scaling laws may be useful to generalize the
results and for calculating the cost for different TI-PTES
configurations. The provided cost scaling laws are defined for
Ny values comprised between 0.5 and 0.9, for Tj, . values
comprised between 70 and 80°C, for nominal power input
comprised between 500 and 5,000 kW, and for capacities
comprised between 2,000 and 40,000 kWh,,. If used outside
these boundaries, the accuracy of the cost scaling laws cannot be
guaranteed. The cost scaling function parameters are reported in
Table 7.

Finally, some TI-PTES configurations, which could be
interesting for practical purposes, are reported in Table 8. Here
many of the already commented TI-PTES design features may
be confirmed, and many additional design features are specified.
These results may be useful for a simplified TI-PTES design and
for modeling purposes.

In Table 8, the second law efficiency ny is also reported.
This parameter is defined according to the commonly accepted
definition which considers the TI-PTES net power input and
output, as well as the energy associated to the heat source (for
further details, see Frate et al., 2020). As it resulted, 1y increases
with 7,, but the relative increase tends to zero as 1,; grows. This
is because, by moving toward higher 7, much higher additional
heat (i.e., thermal energy) is required from the heat source. This
is confirmed also by the HT-VCHP COP values which increase
together with 7,,. COP is a very important parameter to monitor
since it controls the ratio between the TI-PTES electric size and
thermal size. To achieve satisfactory electric efficiencies, i.e., 1y
> 0.6, the COP must be around 7 or even higher. This means
that a very efficient TI-PTES may require a large amount of low-
temperature heat. This impacts the costs, which is considered
in the current analysis, but it may also pose a limitation to the
system size. As a matter of fact, for each unit of electric power,
up to 10 units of heat flow rate may be required. This may limit
the proposed TI-PTES architectures to small-sized applications
whose cost may be relatively high, as it has been demonstrated in
this paper.

As discussed above, the TES and the ORC temperature profiles
are pretty much constant for the investigated configurations. The
TES stores the thermal energy at temperatures always lower than
100°C, such that the water does not need to be pressurized. As a
result, the ORC evaporation temperature is almost constant and
around 80°C.

From Table8, the HT-VCHP evaporator is always at a
temperature 12-15K lower than that of the heat source, and
the HT-VCHP condenser is always at a temperature 15—20K
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TABLE 7 | TI-PTES cost correlation parameters. be achieved if lower electrical round-trip efficiency values are
assumed as the energy density and the electrical round-trip

Parameter PECecs PECres efficiency are competing features. This is reflected in Table 8,
a ~100.71 _562.62 where the resulting energy densities are between 0.55 and 0.72.
a 190.47 1,192.00 Furthermore, for similar-sized configurations, by increasing 7,
s _85.60 _eos79  itisclear how the TES volume is greatly increased.

by 214,38 956.93 Finally, as far as the specific costs are concerned, PEC, ] ,.s may
by 43351 _ooes0o  Vvary between slightly <150 €/kWh up to slightly <500 €/kWh
bs 214.95 1.100.20 as a function of the storage capacity. Similarly, the PECy,} s may
o 8108 _aspgg  vary between slightly <2,000 €/kW and slightly more than 4,500
o 168.67 77301 €/kW. However, it must be remembered that these are PEC
o e6.04 41614 values which should be adjusted to find the total final cost. As
D 0.72 0.86 discussed in section Performance Parameters, there is a relevant

uncertainty over the value of the factor that must be multiplied

for the PEC to find the actual final cost. In the best-case scenarios,

i.e., for a multiplying factor equal to 1.18 (Turton et al., 2009)

higher than that of the heat source. Since the ORC and the TES ~ or 1.4 (Astolfi et al., 2014b), the energy conservation section

temperatures are almost constant, the variation of HT-VCHP  cost may end up costing around 160 to 190 €/kWh for large

evaporation and condensation temperature levels is confirmed as  size and around 570 to 670 €/kWh for small size. For the same

the main controlling effect over the trade-off between efficiency =~ multiplying factor values, the power conversion section may cost

and PEC in TI-PTES systems. around 2,300 to 2,700 €/kW for large-sized applications and
In Table 8, the required TES volume for some interesting TI-  around 5,500 to 6,500 €/kW for small-sized applications.

PTES configurations may be read. As it resulted, volumes from

800 to 30,000 m*® may be found as a function of the size and DISCUSSION

the efficiency. By considering a cylindrical tank with the height

equal to the diameter, the reported volumes may be translated  The provided analysis led to identify a realistic cost range for the

into tanks of heights/diameters comprised between 10 and 33 m.  TI-PTES storage technology. The resulting values may be used to
As demonstrated in previous studies (Dumont et al,, 20195 compare the investigated technology with other similar systems

Frate et al, 2020), net electric energy densities [p;; = Wy, - which may compete for the same application. As reported in

T et | Vit + Veoia)] above 10 kWhg/m® may be achieved  Frate et al. (2019b), other PTES systems based on Brayton

for TI-PTES systems. Such energy-dense configurations may  and Rankine technologies may achieve efficiencies between 0.5
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TABLE 8 | TI-PTES exemplificative configurations.

Parameter Units Config.1 Config.2 Config.3 Config.4 Config.5 Config.6 Config.7 Config.8
Tinsrc °C 80 80 80 80 80 80 80 80
V'Vhp KWe 500 5,000 500 5,000 500 5,000 500 5,000
Mhp kg/s 28.52 286.97 28.99 288.51 18.67 209.09 22.07 203.58
Wore KWe 424 4,254 428 4,251 289 2,978 298 2,985
Morc kg/s 16.77 168.63 17.02 169.35 11.00 113.39 11.16 120.36
Teh H 4 4 8 8 4 4 8 8

Nt - 0.85 0.85 0.86 0.85 0.58 0.60 0.60 0.60
n - 0.33 0.33 0.33 0.33 0.29 0.29 0.29 0.29
PECies %S 0.97 5.00 1.51 8.25 0.74 3.14 1.02 5.44
PEChp ME 1.12 9.39 1.14 9.37 0.50 4.97 0.54 5.29
PECorc Me 1.17 6.77 1.19 6.76 0.85 4.63 0.87 4.59
PECreipos €/kKW 4,580 3,230 4,649 3,226 2,691 1,919 2,818 1,975
PEC e/ ecs €/kWh 484 250 376 206 369 167 255 136
COP - 9.98 10.04 10.12 10.08 6.76 712 6.95 7.14
Nore - 0.09 0.09 0.09 0.09 0.09 0.09 0.09 0.09
Vhot m?3 1,498 15,285 3,150 30,456 807 8,491 1,658 17,046
Veora” m?3 1,485 15,153 3,123 30,192 798 8,396 1,639 16,855
Tevhp °C 68 68 68 68 64 63 66 63
Pev.hp Bar 4.85 4.85 4.85 4.85 4.41 4.49 4.51 4.50
Tedpp °C 94 94 94 94 104 100 105 98
Pedhp Bar 9.17 9.14 9.08 9.10 11.67 10.61 10.54 11.01
Tovorc °C 81 81 81 81 82 82 82 81
Pev.orc Bar 6.79 6.78 6.77 6.77 6.98 7.01 7.02 6.89
Tedore °C 27 27 27 27 27 27 27 27
Ped.orc Bar 1.39 1.39 1.39 1.39 1.37 1.36 1.37 1.39
Ttes hot °C 93 93 93 93 96 96 96 96
Ttes.cold °C 80 80 80 80 80 80 80 80
Pel KWhg/m® 0.57 0.56 0.55 0.56 0.72 0.71 0.72 0.70

and 0.6 or slightly higher, but with lower specific costs, up to
180 €/kWh for Brayton systems (Benato and Stoppato, 2018b)
and up to 120 €/kWh for Rankine systems (Morandin et al,,
2013). For what concerns power-related costs, values around
600-800 €/kW are reported for Brayton technologies, whereas
values around 400 €/kW may be found for Rankine systems. As
the reported costs are mainly referred to systems in the range
50+ MW, it could be stated that the proposed TI-PTES system
may achieve satisfactory economic performance and potentially
competitive costs, especially if the capacity-related costs are
considered. On the other hand, the cost per kilowatt that resulted
for the TI-PTES system is significantly larger, even if the size
difference is considered.

As far as small-sized TI-PTES systems are concerned, there
is a gap in the literature, to the best of the authors’ knowledge,
such that benchmark studies are missing. However, it is natural
to achieve higher specific cost with smaller sizes, and a system
designed to operate in the scale of dozens of megawatts cannot
be directly compared with one in the sub-megawatt scale.

As the power-related cost turned out to be so impactful,
the solutions proposed in Staub et al. (2018) and Dumont
et al. (2019), which aim at using reversible HT-VCHP and

ORC equipment, might be very promising. As a matter of fact,
the power conversion section represents most of the TI-PTES
costs, especially if short storage durations are used (i.e., 7y <
6h). Therefore, by reducing the number of components, large
economic benefits might be achieved. The easier approach to
this problem is to use the same heat exchangers for both ORC
and HT-VCHP where possible, as done in Staub et al. (2018). As
demonstrated in Figures 4A,B, this may bring significant benefits
as the heat exchangers may represent the majority of PEC. In
Dumont et al. (2019), a more ambitious solution is proposed, and
the same machine is used for both the HT-VCHP compressor and
the ORC expander. This solution was studied only for volumetric
devices; therefore, a smaller TI-PTES size target is considered.
As shown in Figure 4A, although the possibility of using a
reversible machine is interesting, the compressor cost share is
quite low compared to the total; thus, the economic advantage of
a reversible device may not justify the inherent efficiency losses.
As far as technologies different from the PTES are concerned,
the LAES and the CAES systems are usually characterized by a
power-related cost roughly comprised between 1,000 and 2,000
€/kW (Gallo et al., 2016; Frate et al., 2019b). These costs
may be considered as comparable with those resulting from
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the TI-PTES analysis, especially because CAES and LAES are
usually designed for larger sizes than those investigated here.
Furthermore, LAES is characterized by a capacity cost up to 530
€/kWh. Therefore, TI-PTES may represent a cheaper alternative.
The same is true in case TI-PTES is compared with CAES. As a
matter of fact, CAES may be costlier than TI-PTES if underwater
or above-ground small-sized solutions are used. In this case,
CAES may be characterized by a capacity cost up to 200 €/kWh
(Gallo et al., 2016).

Among the grid-scale storage technologies, the TI-PTES may
be compared also to sodium sulfur and flow battery technologies.
For these technologies, the cost estimates may vary significantly
in literature, and the per kilowatt hour costs comprised roughly
between 150 and 1,000 €/kWh may be found (Zakeri and Syri,
2015; Gallo et al., 2016). However, as is common for batteries,
the cost per kilowatt is much lower, around 500 €/kW or
lower (Zakeri and Syri, 2015; Gallo et al., 2016). This is because
the power conversion equipment is much simpler for batteries,
whereas for PTES, LAES, and CAES, it is represented by a costly
equipment such as compressor, turbines, and heat exchangers.

Electrical round-trip efficiency 75, and cost PECyy are
two competing features, such that the maximum efficiency
configurations are also those that maximize the cost and vice
versa. For this reason, the TI-PTES economic performance is
characterized from a multicriteria point of view by solving the
design optimization problem as a multi-objective one. This led
to identify the optimal trade-oft configurations (Pareto fronts)
as a function of different combinations of nominal power input,
storage duration, and heat source temperature level.

By dividing the total cost into capacity- and power-related
costs, it was possible to build cost scaling functions that correlate
the TI-PTES power rating and its nominal capacity to its final
cost. This may allow for a generalization of the results provided
in the paper.

Finally, the main findings presented in the paper may be
summarized as:

e Tjn s has a significant impact on the maximum achievable T1I-
PTES ny. If 5y > 0.5 is considered of any practical interest,
then T, ¢c < 60°C should be avoided;

To provide a fair comparison with all the cited technologies, o The _nommal_ power Input Impact on cost ' non-linear as the
it must be remembered that the proposed TI-PTES system takes relative cost increment decreases with the size. Therefore, the
advantage of an additional heat source instead of using an electric proposed relation between cost and size1s @ power law.;
input only. Even though the heat source provides a low-grade e Along the Pareto front, for configurations of practical interest,
(i.e., low temperature) thermal contribution, the positive effect gIEIOanind tl}ll erTES ';empfrat.ure prgﬁ;ei a:ﬁ alr}lg;t corrllcsltatrlllt.
on the round-trip efficiency is significant. For this reason, the Y amospheric pressure 15 used for the > and the
provided technology comparison must be interpreted in the pressurized Ve.ssels are never ﬁelected in the system design.
sense that it suggests that the investigated TI-PTES system is ORClltesatpogatmn t'ertnpflr ature istalz)v?));s- around 80°C and rjorc
likely to be economically competitive among the other electric resutted fo be consistently equatto 8. 7% . .
storage technologies. e Differently from ORC and TES, the HT-VCHP cycle is varied

Furthermore, the investigated configurations may also have leong t?e Pezreto frtonlt 't;l;hls 1St/th§i mam r?ecclllam;fmFuseﬁ.b})I
some crucial advantages over several of the listed storage © system o contro’ the cosijericlency frace-of. ror g
technologies. As a matter of fact, in TI-PTES, the energy is efficiency, the COP must be high, but this entails an increment
stored at atI-nospheric pressure an)d at 90°C wilich makes the in the ratio between electric power and thermal flow rates. In
storage very safe, easy to build, and with potentially low thermal Ihls wazf),liocr agiven ellectrlc pow:r raténlg, large}: T]tES Vo}llumes,
losses. The storage material is water, which is inexpensive and arger no Ir:im;l po;vler Olt > an targer eFa exch.anger
environmentally neutral. All the components are durable and areas are required; thus, the System costs more. Lor aciieving
may withstand up to 20 years of operating life. Finally, the an efliciency of practical interest, the COP resulted to be at
system is based on very known and studied technologies, which lFeast arotﬁn d,z; q1 fici 05 0.7), th
are used even in stand-alone applications. All the components ¢ ror smal sweand fow eiceney o = i = /) o .
are commercially available as of today, such that the TI-PTES majority of the cost i represented by the TES (around 40%),

) o :
technology may achieve high TRL very quickly and without the followed by the ORC (around 35@', The rest of the cost is
need for long and costly development studies represented by the HT-VCHP. In this case, a relevant share

' of the cost is represented by the heat exchanger apparatus
such that any solutions that may reduce the number of
CONCLUSION components may yield significant benefits. For high efficiency
(ny+ > 0.7), the cost is more evenly distributed, with each
Based on the analysis that has been developed, the following subsystem accounting for around one-third of the cost. Similar
conclusions may be drawn: A TI-PTES system based on conclusions may be drawn also for a larger size. In this case,
regenerated HT-VCHP and ORC was studied. The system is the ORC expander cost share is significantly reduced since this
equipped with a two-tank sensible heat storage. The theoretical component has a good economy of scale;
thermodynamic design of the system was conducted by solving e The resulting cost values were divided into cost per kilowatt
a non-linear multi-objective optimization problem. The design and per kilowatt hour. Within the following boundaries, i.e.,
space was explored for several different nominal power ratings 70°C < Tinsre < 80°C, 0.5 < 0yt < 0.7,and 500 < Wi, < 5,000,
(from 500 to 5,000 kW) and for different storage durations (from cost scaling functions were proposed. The power-related cost
4 to 8h). As the system takes advantage of an additional low- resulted to a scale with the installed power rating up to 0.86,
grade heat source, the impact of the source temperature was whereas the capacity-related cost scales with the capacity up
assessed by assuming values comprised between 60 and 80°C. to 0.72;
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Some representative configurations were presented with greater
detail. In particular, the resulting net electric energy densities are
very low, lower than 1 kWhg/m?, such that the resulting TES
volumes are relevant. If translated into cylindrical tanks with
the height equal to the diameter, the TES tank would go from
a diameter of 10 m for a TI-PTES configuration of 500 kWg| and
4h of storage to a diameter of 33 m for a TI-PTES configuration
of 5,000 kWyg| and 8 h of storage.
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NOMENCLATURE Continued

ev evaporator
¢ Acronyms: exp expander
cB Carnot battery fan cooling fan
CAES compressed air energy storage gen electric generator
CHEST compressed heat energy storage hot hot TES side
HT high temperature hp heat pump
LAES liquified air energy storage ’:d ?deal objective point
NTU number of transfer units n Inlet.
ORC organic Rankine cycle max maximum
PEC purchased equipment cost mlal TES material
PHES pumped hydro energy storage min minimum
PTES pumped thermal electricity storage mot electric motor
SQP sequential quadratic programming and Nadir point (negative ideal objective point)
TES thermal energy storage net net power input/output
Tl thermal integration/thermally integrated ore organic Rankine cycle
TIC total investment cost out outlet
VCHP vapor compression heat pump p pressure . .
e Symbols: pcs power conversion section
A heat exchanger heat transfer area (m?) pmp ORC pump
copr coefficient of performance (-) rel relative
co constant pressre specific heat capacity (kJ/kg K) 9 regenerated configuration
D diameter (m) ref reference point
g optimization objective function 9 regenerator
f pressure cost correction factor for heat exchangers n electrical round-trip
h enthalpy (kJ/kg) sat saturated conditions
E electric energy (kJ) se subcooling
N number of (subscript) sf scalarizing function
NTU heat exchanger number of transfer units (-) sh superheating
m mass flow rate (kg/s) sre heat source
p pressure (bar) tes thermal energy storage
PEC purchasing equipment cost (€, k€, and M€] tot total
Tic total investment cost (€, k€, and M€) tnk TES tank
PP heat exchanger pinch point (K) vol volumetric
Q heat flux (KW) vsl TES vessel
R real number set water related to water
SP orc turbine size parameter (m) 4 thermodynamic second law
T temperature (°C) e Greek symbols:
) overall heat transfer coefficient (KW/m?2K) 14 pressure cost correction factor for tanks and vessels
4 volume (m?) A() difference of ()
v volumetric flow rate (m®/s) n energy ratio or efficiency
w electric power (kW) p density (ks/m®) or (kg/m?)
x optimization variable vector T charge/discharge time (h)
¢ Subscripts and superscripts: o optimization problem feasible region
air air
cd condenser
ch charge
cmp compressor
cold cold TES side
dis discharge
ecs energy conversion section
el electric
el-mec electro-mechanical

(Continued)
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