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Abstract: The development of cost-efficient, environmentally
friendly, and reliable technologies for utility-scale electricity
storage is a key element for future flexible power systems.
Brayton cycle-based Pumped Thermal Energy Storage (PTES)
offers the potential of making a substantial progress to reach this
goal. For further improvements in cost efficiency and flexibility
we investigate the additional integration of Power-to-Heat (PtH)
into the heat pump cycle. This integration allows a reduction in
component size due to higher energy density; however, it also
leads to efficiency losses. The objective of this paper is to quantify
this tradeoff between round-trip efficiency and cost efficiency for
closed-cycle Joule-Brayton PTES configurations and to provide
design solutions for the novel PtH component. To this end, a wide-
range design study with variable electric heating power and
component efficiencies is conducted. In addition to the
thermodynamic analysis, an economic assessment is presented,
which clarifies the benefits of PtH extension. The results show a
significant reduction of specific capital costs by up to 23%, along
with higher system flexibility and a loss in round-trip efficiency
of up to 5%.

1 INTRODUCTION

The ongoing transformation of electrical energy systems
from conventional to renewable energy supplies increases the
need for energy storage technologies [1]. Large-scale electrical
energy storage (EES) supports the integration of fluctuating
renewable energy sources, which allows for a more reliable and
flexible supply of low-carbon and zero-carbon electricity
generation. However, EES technologies typically have
significant drawbacks, such as capital costs, round-trip
efficiency, cycle stability and locational dependency. To reduce
these constraints, various technologies have been developed.

1.1  Established electric energy storage technologies

Pumped hydro energy storage (PHES) and diabatic compressed
air energy storage (D-CAES) are established, large-scale EES
technologies providing gigawatt hours of energy storage
capacity for grid-scale peak leveling applications.

PHES is the most mature EES and benefits from high output
power of 1.0 — 1.50 GW and high round-trip efficiency (RTE)
in the range of 70% -80% but suffers from locational
dependency and high capital costs of 600 — 2000 $/kW [2, 3].

D-CAES technology is derived from a temporally decoupled
multi-stage Brayton cycle in which air is compressed in an
underground cavern during charging and mixed with natural
gas for combustion in a modified gas turbine during the delivery
period. Existing diabatic plant configurations operating in
Huntorf (Germany) and Mclntosh (USA) output 321 MW and
110 MW with an RTE of 42% and 54%, respectively [5]. The
capital costs estimated for this storage technology range from
400 to 800 $/kW [4, 5]. In addition to the required geographical
morphology, a major drawback of D-CAES technology is the
low RTE accompanying the use of fossil fuels.

1.2 Adiabatic electric energy storage

Alternative thermo-mechanical EES technologies are
currently being developed, namely, adiabatic CAES (A-CAES)
and Carnot batteries (CB). Carnot batteries can be categorized
into pumped thermal energy storage (PTES) and adiabatic
liquid air energy storage (A-LAES). These storage technologies
are adiabatic due to the integration of thermal energy storage
(TES) following the polytropic compression process. The
references [6-8] give a comprehensive overview of CB, while
de Sisternes et al. [9] and Xue [10] show the state of the art of
A-CAES and A-LAES. In addition, Benato et al. [5] focussed
their study on PTES, which categorizes Rankine cycle-based
(Rankine Carnot battery) and inverse Brayton cycle-based
(Brayton Carnot battery) CBs. The essential performance
characteristics of these adiabatic EES are summarized in
Table 1.

A-CAES and A-LAES use TES to store compression heat
during the charging period and transfer it during the delivery
period to the heat engine process in a modified gas turbine. In
contrast to D-CAES, the addition of TES results in a higher

TABLE 1. COMPARISON OF LARGE-SCALE ADIABATIC EES [10-29]

; : A-CAES A-LAES Brayton  Rankine

Adiabatic EES (TRL56) _ (TRL7-9) PTES'  PTES
Storage capacity [MWh] 1-1000 10-1000 1-1000 20-600
Power rating [MW] 0.5-90 0.35-100  0.5-150 1-100
RT efficiency [%] 60-75 45-65 45-67 25-64
Volumetric energy 20-70
density [kWh/m?] 0520 50-80 @) 102
CAPEX [$2021/kWh] 150-316  250-640 100-400  250-400
Lifetime [a] 20-40 20-40 25-30 25-30
Locational-dependency Yes No No No

! HT-regenerator based system using air as WF (TRL 2-5) [21, 23]
Transcritcal Rankine PTES using CO, as WF (TRL 2-4) [13-16]



RTE in a range from 60 % to 75 % [11] and, as no additional
fossil fuel is used, it operates without CO2 emissions. The main
benefit of A-LAES is the high energy density due to the low
volume of liquefied air. Major drawbacks are the high capital
expenditures (CAPEX) for A-LAES and geographical
constraints for the air storage (aquifers and salt caverns) in the
case of A-CAES [11, 12].

Nomenclature

a, specific surface area (m™)

Cp specific heat capacity (J kgt K1)

H, magnetic field strength (A m?)

H total length (m)

k heat transfer coefficient (W m2 K1)

m storage mass (kg)

e mass flow rate (kg s?)

P, electrical power input (W)

Open Joule heat induced by electrical heating (W)
dpen Joule heat power density (W m™)

St Stanton number

t time scale (s)

T temperature (K)

|4 volume (m°®)

wy free flow velocity (m s™)

Wy specific technical work (J kgt)

z length scale (m)

Greek letters

B compression ratio (-)

£ void fraction (-)

K fluid’s isentropic exponent (-)

Npen electric heating efficiency, Qpys/Pa

A thermal conductivity (W m* K1)

p density (kg m)

T duration of charging/discharging period (s)
Uo magnetic field constant 4r10~7(N A?)
r dimensionless heater loss number (-)

A dimensionless heater length (-)

i dimensionless heater period duration (-)
@ dimensionless heat source number (-)

'4 thermal compression ratio (-)

X dimensionless exergy: Xgry = ®A(1 — €)
Acronyms

A/D-CAES a/diabatic compressed air energy storage
A-LAES adiabatic liquid air energy storage
CAPEX capital expenditures (€)

CB Carnot battery

EES electrical energy storage

EFH electric flow heater

HE / HP heat engine / heat pump (cycle)

HT/LT high-temperature / low-temperature

HX heat exchanger

PTES pumped thermal energy storage

PtH power-to-heat

RTE round-trip efficiency

STES solid media thermal energy storage
ETES electrically heated thermal energy storage
™ turbomachinery

WF working fluid

Subscripts and superscripts

in/ out inlet / outlet
SI/F solid phase / fluid phase
p / poly polytropic process

is isentropic process

! related to charging period (HP cycle)
related to discharging period (HE cycle)
x averaged quantity x

x* normalized quantity x

n

The Rankine Carnot battery uses various working fluids in
dependence with the thermodynamic cycle. Transcritical
Rankine battery uses CO,, subcritical Rankine battery uses
water, synthetic or organic fluids. In addition to the HCES
concepts, Steinmann introduced Power to Heat to Power (PHP)
concepts employing an ETES unit, which is heated completely
by Joule heating in order to power the coupled Clausius
Rankine cycle (CRC) or Organic Rankine cycle (ORC), for
instance.

The Rankine Carnot battery, i.e. a Rankine PTES, uses a
phase change working fluid (WF) to run the heat pump (HP)
and the heat engine (HE) cycles. Rankine PTESs are
categorized into transcritical and subcritical cycles according to
their WF type. Transcritical Rankine battery uses CO; [13, 14],
subcritical Rankine battery uses water (steam) [15] or organic
fluids as WF. During charging the WF evaporates receiving the
heat from the low-temperature (LT) reservoir. This gaseous WF
compresses afterwards by the vapour compressor to high
temperatures and pressures, accounting storage temperature of
123°C at 140 bar maximal pressure for the transcritical CO-
cycle [14] and 365 °C at 105 bar for subcritical steam Rankine
cycle [15]. Then, the WF condensates releasing the latent heat
to the high-temperature (HT) TES before it finally expands to
the initial state. During discharging, the thermal energy stored
inside the HT-TES is used to evaporate the pressurized WF that
later expands in a turbine to deliver technical work. Finally, the
WF condensates releasing the heat to the LT-TES.

Another option for the Rankine Carnot battery system is the
implementation of an electrically heated TES (ETES) [16]
instead of the usually expensive heat pump for charging the HT-
TES. This CB system has recently received attention for the
purpose of retrofitting existing coal-fired power plants into EES
[17]. Here, the electrically charged high-temperature heat of a
sensible TES can be dispatched through the Rankine steam
cycle. A resistive heater generates the HT heat for the sensible
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Fig. 1. Schematic of Brayton battery configuration with an electric flow
heater (EFH); illustrated operation state is at the end of the charging period




molten salt TES with a maximum storage temperature of
560 °C [17].

The Brayton Carnot battery, i.e. a Brayton PTES has a
similar working principle compared to the Rankine Carnot
battery. In contrast to the phase change WF from Rankine CB
systems, it employs a gaseous WF that is usually argon or air
[5]. Here, the thermal energy is converted from electricity in a
high-temperature HP cycle and stored inside two TESs,
comprising a low- temperature and a high-temperature pressure
vessel. The stored thermal energy is then reconverted into
electrical energy using a gas turbine cycle. The residual heat
from the gas turbine is stored in the low-temperature TES tank
for feeding back into the Brayton HP cycle. Given this layout,
the Brayton CB contains two thermal tanks and four
turbomachines (two compressors and two expanders). Desrues
et al. [23] first performed system simulations based on the
Brayton cycle with a energy storage capacity of 602.6 MWh
and a round-trip efficiency of 66.7 %. In comparison to other
EES technologies, Brayton PTES benefits from its high energy
density and low CAPEX. Additionally, this EES has no
geographical constraints [5, 6].

From an economic standpoint, the current revenue options from
energy arbitrage and frequency regulation are still too low to
cover the high capital costs [11]. Therefore, cost efficiency and
system flexibility need to be improved. One promising option
for cost reduction alongside with gains in performance and
flexibility is the implementation of an additional electric
heating component downstream of the HP compressor [12].

1.3 Power-to-heat integration in A-CAES and Brayton CB

Adding a high-performance Power-to-Heat (PtH) unit into the
heat pump cycle increases the thermal energy density of the
system [18, 19, 21] that can be used to reduce the pressure ratio
of turbomachines (TM) and hence to minimize their size. This
allows for a lower pressure setting for the high-pressure stage
while maintaining a high system temperature. Moreover,
component size of TESs and heat exchangers can be minimized
which consequently lowers their equipment costs without
affecting system’s power output [20, 24]. The main drawback
of PtH integration is the reduction in round-trip efficiency
(RTE) caused by the lower coefficient of performance (COP)
during charging on the one hand, and the limited Carnot
efficiency of the gas turbine cycle on the other hand [19-21].

Several research efforts have been carried out to investigate A-
CAES and Brayton CB configuration concepts with additional
PtH integration in terms of energy efficiency, cost efficiency
and flexibility. For application in A-CAES, Dreissigacker et al.
[19] found that the integration of PtH in the low-pressure stage
upstream of the TES is associated with the least efficiency
losses while Houssainy et al. [20] clearly showed the increase
in storage density with a resulting decrease in system costs and
efficiency through an ETES implementation in the high-
pressure stage. Central results reveal major CAPEX reduction
from 200 $/kWh at 57.5% RTE to 65 $/kWh at 24.5% RTE.

For the application in Brayton CB, Benato [18] and Chen et al.
[21] proposed the integration of an electric heater between the
HP compressor and HT-TES, as proposed in Fig. 1, with the
aim of decoupling the compressor pressure from its outlet
temperature. In doing so, Benato intended to reduce the costs of
the HP compressor by limiting its capability. Therefore, the
author limited the HP compressor pressure ratio to 6, thereby

reducing its outlet temperature to 550 °C and raising the HT-
TES inlet temperature up to 1050 °C using the electric heater.
At this maximum storage temperature, Benato’s techno-
economic assessment for a TES build-up with Al>Os3 brick
indicates an energy density increase of 105% to 430 kWh/md, a
CAPEX reduction of 35% to 54 $/kwWh, and an unexpected
upgrade of the RTE from 6.3% to 7.0%. While efficiency is
expected to fall with reduced system costs, low-cost
turbomachines with a poor isentropic efficiency of 0.80
dominate the enormous drop in RTE below 10% [23, 25] and
the overall system costs [26, 29]. Therefore, a temperature rise
within the HE cycle might improve the RTE and reduce costs
at such a low-efficiency level. Chen et al. [21] presented a
similar system configuration and proposed to utilize the excess
heat with a bottoming organic Rankine cycle (ORC). Since the
excess heat temperature ranges from 550 K to 750 K, its exergy
can be suitably dispatched through the ORC, improving the
system’s RTE to 47.1%. Although this RTE is 5.89% lower
compared to the operation without an additional electric heater,
the energy density is more than doubled to 62.2 kWh/mé. In
summary, all these studies show the effects of additional PtH
integration into the thermo-mechanical and adiabatic EES,
wherein energy density increases significantly and results in
cost reduction accompanied by a slight loss in RTE.

1.4 Review of calculation methods

In the reviewed literature [18-21], the authors used similar
methods for modeling the system and each component. Table 2
summarizes these approaches.

Different model complexities are implemented for component
modeling depending on their individual characteristics. In all of
the reviewed sources, turbomachinery and HX are modeled as
stationary components. For the turbomachines, the isentropic
state change is used to determine the outlet temperature. For the
HX, practical NTU formulations [30, 31] are applied to
determine its size. In contrast, the modeling of the TES and the
electric heater has a different complexity. While Houssainy et
al. [20] model the HT-TES together with the heater as a lumped
capacity, assuming a constant temperature during discharging,
Dreissigacker et al. [19] and Chen et al. [21] take into account
the typical drop in outlet temperature for the regenerator-based
HT-TES using a one-dimensional and two-phase thermal model
for their design study. However, in both studies, as well as in
[18], the electric heater is ideally considered a punctiform heat
source inside the system, providing only the required energy
demand for a given temperature increase of the WF. Benato
[18] uses a one-dimensional thermal model from [32] to design
the TES unit. In accordance with [20, 21], the author also
assumes an ideal electric heater as a punctiform heat source
without giving any details about its shape and dimension.

The system model connects the component models at the
appropriate intersections for both the HP and HE cycles, and
iterates until achieving cyclic equilibrium for HP and HE
temperatures. Since WF properties change at each iteration and

TABLE 2. COMPARISON BETWEEN MODELING APPROACHES FROM REVIEWED
LITERATURE (MODEL DIMENSIONS AND PHASES S : SOLID AND F :FLUID)
Reference  WF property

™ HX TES EFH
s database
[18] CoolProp 0d, ad. NTU 1d; F 0d (Fluid)
[19] CoolProp 0d, ad. NTU 1d; S/F 0d (Fluid)
[20] cal.perfect gas  0d, ad. NTU od 0d (Fluid)
[21] REFPROP 0d, ad. NTU 1d; S/IF 0d (Fluid)
Thisstudy  CoolProp 0d,ad. NTU-¢ 1d;S/F  1d(S/F)




in each cycle point with its temperature, the implementation of
a material property database at the system level is necessary.
Therefore, Benato [18], Dreissigacker et al. [19], and McTigue
et al. [29] used the CoolProp database [27], while Chen et al.
[21] implemented the REFPROP [28] database into the system-
level simulation to calculate the temperature-dependant thermal
properties of a real WF gas. Furthermore, Houssainy et al. [20]
use formulations for mass and energy balance in combination
with calorically perfect gas equations of state.

1.5  Contributions

In literature [18-21], the authors have carried out a technical
evaluation and demonstrated the increase in energy density
along with the decrease of component size through the
implementation of a high-temperature EFH component into the
adiabatic EES system. However, the EFH component is simply
specified according to a given temperature rise [18, 21] or a
required energy demand [19, 20]. As such, the shape and
dimension of the component cannot be determined. Apart from
Dreissigacker et al. [19], the authors further specify high-
temperature requirements for the EFH without providing
technical solutions: while an outlet temperature around 420-
450 °C [19] is feasible for a two-stage A-CAES with available
EFH technology, the Brayton CB requires considerably higher
temperatures of up to 1050°C [18] or even more (1400 K) [21]
with a lack of technical EFH solutions. Despite the mentioned
lack of solutions, Benato [18] conducted a techno-economic
evaluation that puts the cost of the EFH at Cgpy = 75000 - P23y
$ /MW. Furthermore, as mentioned in section 1.3, the author
demonstrates a cost reduction along with a slight improvement
in RTE to 7.0%, where a tradeoff is normally expected.
Therefore, the main objective of the present paper is to quantify
this tradeoff between system costs and its efficiency that arises
from the additional integration of PtH. The main hypothesis is
that PtH offers a significant cost leverage when a compact EFH
component is added downstream of the HP compressor.
Another objective is to present a novel design solution for the
EFH that meets the application-specific requirements of a
Brayton CB. These essentially include a high cost and energy
efficiency of over 85% at an outlet temperature above the
maximum compressor temperature of 550°C [18].

The following contributions of this study are derived from
above considerations:

e Provision of an efficient Brayton CB model employing
component costs and real gas behavior for the WF

e  Techno-economic system analysis quantifying the impact
of the additional EFH on costs and efficiency

e Design study providing a design solution for the EFH
component

To address these contributions, Section 2 first introduces a
simplified modeling approach for a closed-cycle Brayton CB
configuration with a PtH extension. Sections 3 and 4 describe
the component models and the setup for system simulation.
Results for wide-range parameter and design studies with
increased PtH heating rates are presented in Section 5. In
addition to the thermodynamic analysis, we conduct an
economic assessment of these advanced Brayton CB
configurations to demonstrate the effect of cost reduction
through the PtH extension. Finally, Section 6 presents our study
conclusions.

2 SYSTEM DESCRIPTION AND THERMODYNAMIC CYCLE
ANALYSIS

2.1  Brayton CB with extended electric flow heater

The closed-loop system configuration from Fig. 1 without
an electric heater component has been studied in various
theoretical works [10, 33-37] where air has been used as WF.
This system consists of one compressor and turbine pair for
charging and another for the discharging period, two solid
media thermal energy storage (STES) systems integrated in
between the turbomachines, and two heat exchangers (HX). In
addition, a motor and generator with associated clutches are
needed to convert the electrical energy into mechanical energy
and vice versa for the respective adiabatic compression and
expansion processes.

In order to increase system energy density and cost
efficiency, the electric flow heater (EFH) employed in [18] is
integrated in the process scheme from Fig. 1 in the same
manner. The red area in the associated temperature-entropy
diagram from Fig. 2 illustrates the additional high-temperature
heat given to the system. The integration downstream of the HP
compressor has two technical reasons. First, the application of
the EFH lowers the temperature requirements for the HP
compressor, which has a maximum outlet temperature of
550°C. Second, the isobaric heating process of a pressurized
gas (states 3’>3’ern in Fig. 2) generates a lower entropy rate
compared to the isobaric heating at lower gas pressures. This
makes the heating process more efficient from a Second Law
perspective. Therefore, the combination of compression heat
(4’1x~>3’) from the heat pump cycle and HT heat from the EFH
(3’>3’ern) is a feasible and exergetically efficient solution for
generating HT heat for the Brayton heat engine cycle.

Two PtH technologies are worth considering for the EFH
due to the high-power density and high efficiency required for
the heating process: resistance heating and induction heating.
Both operate on the principle of the Joule effect and provide
high temperatures above 500 °C, which are required to
efficiently run the closed-loop Brayton heat engine cycle.
However, EFHs based on commercially available resistance
heating elements are limited to outlet temperatures of 600 to
700 °C due to the limited heat transfer area of the tubular
heating elements [38, 39]. To reach higher outlet temperatures,
we propose a PtH concept that consists of an inductively heated
and fluidized pebble bed [40]. In contrast to tubular heating
elements, the pebble bed provides a 50% larger specific heat
transfer area, which makes the convective heat transport of the
inductively generated heat more efficient. Moreover, the
contactless electric power transmission allows temperatures
above 900 °C inside the pebble bed without being limited by
electrical contacts. Therefore, we prefer to use the induction
air heater that is based on a pebble bed concept for generating
high-temperature heat for Brayton CB application.

To take advantage of the high-temperature potential of the
induction air heater, we propose the combination with a
counterflow regenerator STES [22]. The high-temperature and
low-temperature STES regenerators are comprised of thermally
insulated pressure vessels with a ceramic honeycomb
inventory. The honeycomb inventory concept allows maximum
operating temperatures of up to 1200 °C [32]. The direct
contact heat transfer between the WF air and the honeycomb



inventory leads to an efficient heat transport provided by the
large heat transfer area. Additionally, the large diameter of the
storage tanks results in low air velocities, which lead to low-
pressure losses.

The HXs used in the study are common counterflow shell-
and-tube type HXs that use water as a coolant. These are
installed downstream of each STES and are operated only
during the charging period to take advantage of the low-cost
electricity running the water pumps.

2.2 Thermodynamic cycle analysis

The thermodynamic analysis aims at discussing the impact
of PtH integration on the performance of the Brayton CB
configuration from Fig. 1. To derive a general conclusion on
the storage systems’ performance, we chose the discharged
specific technical work wyg of the Brayton HE cycle (blue
area in Fig. 2: 17>27>37>4”>1”) as the key performance
metric. Assuming ideal gas behavior of the working fluid and
an adiabatic system with a reversible heat transport inside the
STES and HX components, only the turbomachine
irreversibility needs to be considered. Based on these
assumptions, we apply polytropic process equations to the HP
(notation ‘) and HE cycles (notation ”) of Fig. 2. using the
thermal compression ratio ¥ and the polytropic efficiency 5, to

calculate the outlet temperature of turbomachinery:
Np,tur
Ty =Ty ux Prin” and Tyr = Ty (6]
1
Tyn =Ty - Wiro® 3]
1
T3 =Ty px 'lngﬁ;n b 3)
Np,turl
Ty =Tsn 'kptuiz ’ and Ty gy = Tar (4)

The EFH outlet temperature T3/ gy may be expressed
using the dimensionless exergy rate X,y from Belik et al. [22]:

Ty grw = T3/(1+ Xppn) = Ty (1 + 401 - €)) ®)
where A is the dimensionless heater length, @ is the
dimensionless heat source number, ¢ is the void fraction of the
EFH material [22].

charging 3
—discharging
—cooling

HP ¢ycle heat
HE cycle heat

B Power-to-Heat

EFH
3

Fig. 2. T-s-diagram of Brayton heat pump (charging) and heat engine
(discharging) cycles with electrical heat input (red area: 3’ =>3’gey) and
applied turbomachines’ polytropic efficiency of 7, = 0.90

To calculate the discharged specific technical work w, the
proportional relationship between specific enthalpy and
temperature (Ahyy = T, ATyg) given by the ideal gas law is
applied assuming the averaged specific heat capacity of ¢, =
1.14 kJkg~*K 1 for dry air at HT conditions of the ideal gas:

Wi = Ep ATHE (6)

where ATy is the total temperature difference provided by the
HT- and LT-STES to run the Brayton heat engine cycle. Since
a reversible heat transport from the storage inventory to the WF
is assumed (nsrgs = 1), We can express this temperature
difference using turbomachine’s inlet and outlet temperatures:

ATyg = ATy — ATcomp” = (T3 —Tyr) = (Tyr — Tl”)(7)

Substituting Eqg. (7) in Eq. (6) with associated temperature
definitions from Eq. (1) to (5) leads to an expression for w, that
is further simplified using the equivalent polytropic efficiency
Np = Npturb = Mp,comp AN equivalent thermal compression ratio
W=Wrp = Weomp for the turbomachines:

-1
WTR( T, W4T, (X, 1)-T . T (X 1
_ = ( 2 ,HX + 4,HX( EFHt ) 2,HX>+ 4,HX( EFHt )
Wy = Cp,F -1 (8)
wip

Eg. (8) might be further specified using the definition ¥ =
K—1
B = with the pressure ratio fand WF’s isentropic exponent &

Wtpoly =

1—k\"P 1—k\ /P . .
K T K +T + (Xgpy+1)-T +T +  (Xgpy+1
<ﬁ ) 2 ,HX(B ) 4 ,HX( EFH ) 2 ,HX 4 ,HX( EFH )

T
©)

For n, = 1 and Xgry = 0, Egs. (8) and (9) reduce to a simplified
expression that describes the isentropic process with ideal gas
conditions:

Cp,F

1-x _ K—1
Wtis = Cp F TZ, HX <.8 * ) + CpF <.8 * )T4_' Hx
Cp.F (T4',Hx - Tz',Hx)

Results from Eq. (9) and (10) for dry air are presented in Fig.
Al from Appendix A for various pressure ratios and HX
temperatures using averaged values for the specific heat
capacity T, = 1.14kJkg~'K~'and for the isentropic
exponent k = 1.35. These values have also been used to obtain
results from Fig. 3.

The power ratio of the polytropic and isentropic process power
output can be calculated using the ratio of the specific technical
work from Eq. (9) and (10) with the associated mass flow rates:

Pdischarge,poly __ Wtpoly MFpoly _ 1

(11)

Pdischarge,is Wt is MFE s



Fig. 3. Specific technical work and mass flow rate ratios for dry air: x = 1.35,
Cpair = 114 kJkg ' K™, Ty ux = [0:200]°C; Ty ux = 20°C: B = [3:15]

To analyze the impact of PtH integration we conducted a
simulation study based on Egs. (9) to (11) for WF air using
various polytropic efficiencies np. The results presented in Fig.
3 confirm that an increasing electrically fed exergy rate
Xgry leads to a higher specific work output and thus to a lower
mass flow rate during discharging. This effect is particularly
evident at lower polytropic efficiency. In conclusion, the
integration of PtH into the Brayton battery generally results in
higher energy density and lower mass flow rates, which can be
used to reduce the component size with associated cost
reduction.

3 MODELING

A techno-economic analysis of the Brayton battery
concept from Fig. 1 requires the interconnected modeling of
the central components. The simulation algorithm is presented
in Fig. 5, showing both the system-level and the component-
level calculation procedures and the usage of the following
governed equations.

In order to perform a detailed calculation on the system
and component level, we obtained thermal properties from the
CoolProp database [27] for heat capacity, density, thermal
conductivity, and viscosity as a function of temperature at each
cycle point in Fig. 2. We calculate entropy and enthalpy values
in the same manner for the WF dry air, which is composed as
a mixture of nitrogen, oxygen, and argon. In addition, water is
used for HX as a heat-rejection fluid acquiring thermal
properties from [27].

To ensure efficient computation, we used different model
complexities on the component level according to component
characteristics, as such components can be divided into static
and transient. Regenerator-based STES and EFH have a
transient behavior that requires detailed, multiple-dimension
modeling. In contrast, a HX can be viewed as a stationary
component, enabling a compact formula for mass and heat
balance. As shown in Table 2, simplified formulations are
suitable for modeling turbomachinery for which the isentropic
state change is used to determine the outlet temperatures.

3.1  Turbomachines

Egs. (1) to (4) are used to model compressors and turbines in a
simplified fashion. In contrast to the analysis from section 2.2,
real WF properties from [27] are used to determine the

K—1

isentropic  outlet temperatures Ty, = Trim B < and
enthalpies hg,. ;5. The isentropic efficiency n; is then used to
calculate the irreversible adiabatic compression outlet enthalpy

hout comp = M + hin (12)
! Nis,comp

and the irreversible adiabatic expansion outlet enthalpy

hout,turb = (hout,is - hin) ‘Nis,eurb T hin (13)

for both turbomachines.

The connected motor and generator are assumed to be
permanent magnet synchronous machines with an exergetic
efficiency of 97%.

3.2 Solid media thermal energy storage

3.2.1  Porous two-phase model

The counterflow STES has been investigated in the context of
a Brayton battery in [19-23, 32, 33, 41]. The basis of these
introduced models is Schumann’s two-phase and one-
dimensional model [42] with a time-varying temperature field
during thermal cyclic operation. On this basis, a simplified
thermal model can be formulated under three simplifying
assumptions. First, the thermal storage capacity in the fluid
phase is assumed to be small. Second, conduction is assumed
to be exclusively axial due to the low thermal conductivity.
Finally, thermal losses to the ambient are small for large-scale
dimensions [30]. The one-dimensional axial model can be
normalized in time t* and space z* and expressed as follows:

% = HSTES(TF - Tg) Wlth HSTES = r:a"‘[ﬂ(lll)
STESCp,STES
% = ASTES (TS - TF) with ASTES = ](‘:’Vﬂ (15)
FCp,F

The thermodynamic behavior can then be summarized with
only the reduced period duration IT and the reduced regenerator
length Agrrs. Here, the solid and fluid phase temperatures are
represented by Ts and Tr. Other properties of the setup are: a,
is the heat transfer surface to volume Vg, ratio, t is the period
duration, r1 is the mass flow rate, mergs is the total STES
inventory mass, and c,srgs and c, are the specific heat
capacities of the fluid and the solid.

3.2.2  Packed bed regenerator

The characteristic parameters introduced in the previous
section are set for the honeycomb inventory option using a
reduced regenerator length of Agrzs = 100, the specific surface
area a, =344m~! and a void fractions =0.70 of a 10 m
packed bed diameter. Pressure loss is considered for the design
study and is limited to the practical value of 10 mbar using the
correlation from [43]. These specifications have been chosen



for both, the LT- and HT-STES, respectively. A temporal
averaged fluid outlet temperature T ,,,, is used to simplify the
modeling of the time-varying fluid outlet temperature on
system-level simulation;

(16)

TF,out = TF,in — Nex,STES * (Tin - Tin,cold)

TF,out = TF,in + Nex,sTES * (Tin,hot - Tin) (17)

The outlet temperature is given by the cyclic inlet temperatures
Tr i, during charging and discharging period, as well as the
regenerator’s exergetic efficiency ney sres:

|TF,in_TF,out|

Nex,sTEs = 7~ - — (18)
F,hot,in— ! F,cold,in

3.3  Heat exchanger

3.3.1  NTU-e-model

In order to describe the heat transfer in the HX, the well-
known NTU-ge-model [44] has been applied with the
assumption of small thermal losses. The efficiency of
transferring heat from the air towards the water coolant during
the charging period determines the thermal cyclic behavior of
the HX. By considering the heat and mass balances, the hot and
cold WF outlet temperatures can be determined using the HX

effectiveness eyy = Qux/Qux.max:

(19)

Tr hotout = —€ux (TF,hot,in - THX,in) + Tr hot,in

TF,cold,out = Epx - (TF,hot,in - THX,in) + THX,in (20)
Here, Tr not in and Tyx i, represent the HX inlet temperatures
of the hot WF and water coolant temperatures, where Ty ;, =
Ty, ux for the first HX and Ty, = Ty ux for the second HX.
When the charging and discharging periods have equal
durations and mass flow rates, only the heat exchanger
effectiveness_eyy is required. Finally, the heat exchanger size
(NTU: number of transfer units) in counter flow is calculated
as:

NTU = SHX_ (21)

1-eyx

This set of equations facilitates the computation of the
pressurized air temperatures and water coolant after passing
through the heat exchanger during the cyclic Brayton CB
operation.

3.3.2  Shell-and-tube heat exchanger

Shell-and-tube heat exchangers are considered using the e-
NTU in combination with the Kern method [44], applying the
operating conditions of the Brayton battery. The heat transfer
tubes have a set length of L,y = 9 m, a thickness of 2 mm and
an outer tube diameter of 38 mm. To reduce pressure loss, the
WEF flows through the shell side, which is fixed at a pressure
loss of 20 mbar. The design method is described in detail in
[44].

3.4 Electric flow heater

3.4.1  Porous two-phase model with heat source

The modeling approach for the EFH is based on a simplified
two-phase transient model developed by Belik et al. [22]. This
approach uses dimensionless characteristic parameters
referred to as heat source number @, heater length Agg, heater
loss number g, and Stanton number St. The one-dimensional
axial model is normalized in time t* for the solid phase (S)

d S

S = B St Ty + e (T — T) (22)
and in space z* for the fluid phase (F)

d

5 = Aprn(Ts — T) — Igpn(Tp — To) (23)

using the Dirichlet boundary condition for the inlet T ;,, = T3

and adiabatic boundary condition for the outlet —A% =0.

The introduced formulation describes the thermodynamic
behavior of the EFH with only four dimensionless parameters.
Neglecting thermal insulation losses to the ambient with
Igry = 0, this formulation reduces to only three parameters:

— OptH — _ dptH (24)
VerH(1-8)k ay Trin  kayTFin
k ay HEFH
A =—r = 25
EFH = 750 e (25)
kayt
St=—2"— (26)
PEFH Cp,EFH

where Q. represents the electrical heat source inside the total
EFH volume, Vg4, k denotes the heat transfer coefficient to
the porous media, and a, the surface area-to-volume ratio for
the convective heat transfer. Furthermore, Hggy gives the
length, wg represents the fluid’s velocity, pgry denotes the
solid’s density, &, zry gives the solid’s heat capacity, and 7’
indicates the charging duration.
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3.4.2  Induction air heater

The introduced general modeling approach can be adjusted to
the proposed EFH concept, referred to as the induction air
heater. This EFH concept achieves high process temperatures
due to the typically high power density of the induction heating
technology [45] required for the application in Brayton CB. A
dispersed silicon infiltrated silicon carbide (SiSiC) pebble bed
(PB) is proposed to obtain a high heater efficiency of 85% [40],
even at the required heater temperatures beyond the Curie
point of steel (768 °C). This PB has a typical void fraction
of e = 0.40, a specific averaged heat capacity of ¢, gsic =
1.10 kJ kg~*K~1, and an averaged material density of pgsic =
2800 kg m~3.

The following formulation for the heat source term Qp,y is
taken from [40] where the volumetric power density §;,q4 pg IS
generated inside the inductively heated pebble bed volume Vpg:

QPtH = Qina,rVps (27)
The volumetric power density is given as:
Jina,pe = 0.75H3 2mf poF (28)

where H, is the external magnetic field strength, f is the
frequency, u, is the magnetic field constant, and F is the power
transmission factor defined in [40], that characterizes the
effectiveness of energy dissipation inside the pebble bed. The
volume of the pebble bed is finally given by

Vpp = %DIZ’BHPB(l —€) (29)

using the outer diameter, which is fixed to Dpy = 1.5 m and
the variable bed height that corresponds for the design study to
the heater length Hpy = Hgpy. The pressure drop of the pebble
bed is calculated using the formulation given by Ergun [46].

4 SIMULATION SETUP

The governed equations from Section 3 are implemented
into the Matlab environment based on the procedure from
Fig. 5 using Egs. (14) and (15), as well as Egs. (22) and (23),
the system can be numerically solved by using a backward
finite-difference method in space. The WF temperatures are
obtained from [27] at each iteration and in each cycle point
until reaching the cyclic equilibrium, as shown in Fig. 4. This
convergence criterion is satisfied once the difference between
temperatures is below 10 K. On a component level, several
cycles of operation must be computed to obtain the thermal
equilibrium condition inside both STES components. Here, the
simulation ends when the change in thermal energy falls below
10 J in between cycles.

5 RESULTS OF PARAMETRIC STUDIES

In this study, an investigation of a Brayton CB system was
conducted under a steady-state operating condition with a 7 h
charging period and a 7 h discharging period. The total storage
capacity of the investigated system is 210 MWh.

To quantify the potential of leveraging the system costs
and the influence on RTE through additional PtH integration,
parameter studies are conducted. For this purpose, we applied
the component models and their specifications introduced in

chapter 3 using the simulation algorithm from Fig. 4. In doing
so, we considered pressure drops for STESs, EFH, and HXs,
but neglected their thermal losses.

In section 5.1 we first conduct a brief techno-economic
analysis to obtain a technical indicator for system’s capital
expenditures (CAPEX). The found correlation is then used in
further sections for cost reasoning. In section 5.2, we present a
sensitivity analysis results for a system without the EFH
component in order to evaluate the influence of
turbomachinery, HXs and STESs on the RTE n,. Then we
integrated the EFH to investigate its impact on system cost and
RTE. we carried out a design study for the EFH component to
provide design solutions for HT application in a Brayton CB.

5.1  Correlation to system costs

In order to identify a technical key performance indicator
that correlates with the CAPEX, simulation studies are
conducted applying component models introduced in chapter 3
together with cost functions from Peters et al. [44] (HX and
piping) and from the ADELE-ING project [11, 12] (TM, STES
and EFH). In this study, the 210 MWh Brayton battery system
with efficient STES regenerator solutions (0, stgs = 0.95) has
been investigated varying the pressure ratio  and the HX4
efficiency in the range egx4 = [0.50: 0.90] similar to the study
from section 5.3. In addition to this parameter variation,
electrical heating with up to 35 MW (Xzr; = 0.23) is applied to
the system to compare the discharged specific technical work
w, with the CAPEX Cc4pex. The total CAPEX is the sum of all
component costs that is multiplied by two factors f; and f;,
which consider installation and contingency costs, respectively:
Ccarex = fif> 2 C;. Both factors are assumed to be 1.1 that is the
average value taken from [44].

Results from Fig. 5 demonstrate a correlation between the
specific technical work and the CAPEX for various pressure
ratios and the both cases, with additional electrical heating (left)
and without it (right). Accordingly, the CAPEX can be
estimated as inversely proportional to the root of the specific
technical work by the following relation:

Ceappx~ Wi *®
The linear regression fit with a high coefficient of
determination of R? = 0.9739 proves the linearity and returns
the coefficient of proportionality p = 3100 €VWh/kWh/
Jkg,, and c = —35.6 €/kWhto express the following linear
relationship

Cearex = 3100 w7 —35.6 V w;* € [0.09,0.3]kg* wh*5(30)

that can be expressed in [€/Wh] using p = 3.10 €/,/Wh - kg,

Cearex = 3.1 w; %% —0.0356 V w;*° € [0.09,0.3]kg® Wh™*5(31)

This found correlation is in particular valid for an operation
under ideal gas conditions with temperatures far beyond 500 °C
and pressure ratios above 9. Especially in the validity range of
0.09 kg®SWh=°% < w;%5 < 0.18 kg®SWh=03, a minor
variation of the results is observed. In conclusion, this revealed
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Fig. 5. Correlation between system cost and specific technical work valid for g = [3: 15] and w;%5 = [0.09: 0.30];
left: case with additional electrical heating; and right: case without electrical heating

relationship indicates the system costs with only two derived
indicators: The mass of the working fluid my, cyclically
circulated in the system and the technical work w; delivered by
the system. We use only the technical work as an indicator for
further cost reasoning in this work.

Furthermore, the comparison of the volumetric energy density
(color coded) between both cases from Fig. 5 shows the
maximum increase by 70% to 104.6 kWh/m? for the case with
added electrical heating and g = 15. In comparison, Benato’s
techno-economic assessment for a TES build-up with Al,O3
bricks demonstrated an energy density increase by 105% to
430 kWh/m3 accompanied by a CAPEX reduction of 35% to
54 $/kWh using low-cost turbomachinery. Chen et al. [21] also
achieved a redoubling of the energy density to 62.2 kWh/m? by
adding electrical heating into the proposed hybrid system.

Table 3. Component efficiencies defined for parameter study

Nisturb  Miscomp  MNexSTES  €Hx2  €Hxa  NEFH MM/G
0.90 0.87 0.85-095 090 05-090 0.85 0.97
5.2 Sensitivity analysis

To investigate the influence of each component on RTE
and CAPEX, we conducted a sensitivity analysis, taking into
account the set of central specifications listed in Table 3. In
addition, the efficiencies of the following components were
varied for this purpose: exergetic efficiencies 1., srgs 0f both
STESs, effectivenesses eyx of both HXs and isentropic
efficiencies n;, of turbomachines. All these parameters are
indicated in Fig. 6 with the notation “n;.”

The results from Fig. 6 without PtH implementation are
presented at the design point n; = 0.90, with an RTE of 48%
and capital costs per unit energy discharged of 384 €/kWhe.
As expected, increasing component efficiency leads to an
increased RTE.

Table 4. Central specifications for system level simulations

Pr B
1bar 10

Working fluid T, Comp,in — Ty nx T, ux
Air (real gas) 245 °C 20°C

The turbomachines have a dominant impact on the
efficiency here. In particular, the turbines show the greatest
impact on that performance metric since their exhaust loss at
T, (see Fig. 2) is associated with the highest exergy loss. In
contrast, HXs have a marginal impact on RTE, however, the
specific costs significantly increase with an increasing HX
effectiveness due to the enormously rising heat transfer area.
Moreover, this study shows that both STESs have significant
impact on the RTE as well as on the specific system costs,
since these components improve the energy density of the
system by providing exergy enriched high-temperature heat to
the Brayton HE cycle with high efficiencies. Therefore, to
achieve a high cost efficiency and a high energy efficiency,
STES components must have high efficiencies above 90%.

—d—Compr, —#=— Turb HT-STES ——LT-STES —e—HX, HX,

35 e e
0.85 0.86 0.87 0.88 089 0.9 0.91 0.62 0.93 0.94 0.95
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Wl

Euro

09 091 092 093 094 085
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F

g. 6. RTE and specific CAPEX of a 210 MWh, 600°C Brayton CB
system without EFH for efficiencies n7; = [0.85:0.95]
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5.3  Parameter study

In contrast to the sensitivity analysis, where component
efficiencies varied and process parameters remained, as
presented in Table 3, this study aims to vary process
parameters as HX temperatures, pressure ratios and electric
heating power at fixed efficiencies. The component
efficiencies indicated in Table 4 have been chosen on the basis
of the findings from the previous section, which indicate that
turbomachines and STES components have high efficiencies
while HX and EFH have lower efficiencies in order to save
costs and thus achieve higher cost efficiency. Aside from the
variation of the heating rate, the pressure ratio g has been
varied from 3 to 15 whereby the effectiveness &y, 0of HX4 and
STES efficiency have been varied from 0.50 to 0.90 and from
0.85 to 0.95, respectively. The HX temperatures have been set
to 20°C for the HX2 in the high-pressure stage and to 100°C
for the HX4 in the low-pressure stage. The induction air heater
is assumed to operate with an induction air heater efficiency of
85%, which agrees with the study from [40] at laboratory scale
for outlet temperatures up to 700°C.

Fig. 7 presents a variety of Brayton battery design solutions
based on the wide-ranged parameter study comparing the RTE
to the square root of the inverse technical work a) and to the
specific CAPEX Db). The comparison between the design
solutions from Fig 7 a) and b) clearly shows the linear
relationship found in section 5.1, in particular for design
solutions with a high STES efficiency of 95%.
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Fig. 8. Cost reduction potential through additional electric heating power on
design solutions from Fig. 7 for ne, stes = 0.95 and for various gy,

The electric heating power is color coded and shows its
influence on RTE and CAPEX: higher heating rates result in
reduced system costs but also in lower RTE. The effect of cost
reduction to the detriment of efficiency has already been
presented in [19] for A-CAES and in [21] for a hybrid storage
system comprising a HT-PTES with an ORC cycle.

To highlight the influence of the EFH on system costs and
RTE, and to quantify the tradeoff between these both
investment criteria, we further analyzed in Fig. 8 the difference
quotients with respect to electric heating power. To this end,
we extracted part of the results from Fig. 7 for ey, stes = 0.95
and calculated the difference quotients for specific technical
work Aw; %S /An,. and for the CAPEX ACAPEX/An,. With respect
to the absolute RTE loss of 1% point.

The results quantify the effect of cost reduction, caused by the
additional electric heating power. The difference quotient for
cost savings increases with less effective HX designs from
15 €/kWh/%ptrte to almost 60 €/kWh/%ptrte. The reduced
HX effectiveness lifts the inlet temperature of the HP
compressor and improves the coefficient of performance
(COP) for the HP cycle. The higher COP leads to improved
energy-efficiency which is illustrated by the color-coded RTE
in Fig. 8. As a result, the efficiency losses caused by the
electrical heating are limited in relation to the total loss of RTE,
hence the cost reduction effect of the EFH increases. This
effect is amplified if the heating takes place at high
temperatures, as this minimizes energy losses of the EFH. The
tradeoff between CAPEX and RTE is further illustrated in Fig.
9 by extracting the solution marked with “*’ from Fig. 8 at
30 €/kWh cost savings per 1 %pt of RTE. Results from Fig. 9
clearly demonstrate the CAPEX reduction for all system
components besides the EFH itself. As a result, an electric
heating power of 17 MW reduce the system CAPEX to less
than 300 €/kWhe. In addition, the applicability of the cost
estimation function from Eq. (30) is demonstrated in Fig. 9:
The linear Cc4pgxfunction illustrated by the dashed line,
underestimates the sum of the equipment costs Ccprx by a
maximum of 7%. Moreover, the red line depicted in Fig. 9
shows the RTE, which likewise decreases, but with a reduced
slope: While the efficiency loss is only 5%, the costs are
reduced by 23% compared to the case without PtH integration
(360 €/kWh; n,, = 0.517). Overall, according to the results
from this parameter study, CAPEX are significantly reduced



with an increased heating power. Furthermore, this cost
reduction effect offers the plant operator the flexibility to
adjust CAPEX by the installed EFH capacity.

The results presented in Fig. 7 and Fig. 9 have been
additionally verified using cost functions from [18]. Additional
information regarding the verification approach and results for
the highest STES efficiency of 95% can be found in Appendix
B. Fig. B1 shows similar results compared with the outcomes
reported in Fig. 7b) and therefore leads to identical
conclusions. However, there are major differences to our
results in the distribution of system costs, which are illustrated
in Fig. B2. While our results identified the turbomachinery as
the major expense, Benato's cost distribution shows that the
highest costs are associated with the thermal energy storage
components. In addition, Benato's cost expressions for motor
and generator units have only a minor impact on the total cost
of the Brayton CB. In contrast, the electric heating component
significantly influence the system CAPEX: while Benato’s
expression gives electric flow heater cost of up to 850 €/kWe,
we obtained 160 €/kWe for the utility scale induction air
heater. Even if we apply Benato's formulation for the electric
heater cost (Cgry = 75000 - P25%,), a slight reduction of system
CAPEX still occurs, confirming our main conclusion on cost
leverage. However, this cost reduction effect dissipates at
marginal cost of around 950 €/kWe resulting in reduced cost
efficiency and energy efficiency as well.

5.4  Induction air heater design solutions

Induction heating has the potential to convert utility-scale
electric power into high-temperature (HT) heat. However, a
sufficiently high heat transfer area must be provided to transfer
the induced HT heat to the gaseous WF. Therefore, the
objective of this design study is on the one hand, to calculate
the heat transfer area of the proposed pebble bed air heater PtH
concept, and on the other hand, to determine its dimensions.
To this end, we chose results with the highest RTE from
section 5.2 to obtain design solutions for the EFH using the
design tool formulated in section 3.4 and material
specifications for silicon carbide obtained from [40]. To allow
a proper comparison of the design solutions, the component’s
pressure loss is set to 100 mbar. Moreover, the induction air
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Fig. 9. Cost reduction effect through additional heating power on design
configuration “*’ from Fig. 8: B = 15, gyx, = 0.50, T,ux = 20°C,
Nexstes = 0.95; and demonstration of CAPEX estimation using Eq. (30)
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Fig. 10. EFH design solutions with three pressure vessels, each
with Do = 1.5m, np;y = 0.85: a) electric heating power related
to dimensionless parameters from sec. 3.4.1; b) £*Oin relation to
the required heater length Hg,

heater operates at 85% efficiency using a frequency of 5 kHz
and a peak current in the inductor windings of 800 A.

Fig. 10 presents design solutions for the induction air heater in
a dimensionless manner a) using the dimensionless heater
length Aggy, and in a dimensioned way b), giving the outlet
temperature in relation to the EFH bed height. Both diagrams
show that to achieve a high volumetric power density ¢,
together with a high outlet temperature Tpyy oy, €ither the heat
transfer surface Ogpy Or the heat transfer coefficient k must
increase with a larger heater length (i.e., larger PB height).
Moreover, to ensure a given pressure loss of 100 mbar for the
obtained bed height, an EFH configuration with three modules
is needed where corresponding sphere diameters between
120 mm and 180 mm are used. Thus, bed heights of upto 5 m
in each module are required to ensure maximum temperatures
of up to 1050 °C with a volumetric power density below
4.5 MW/m®. Such high temperatures can be achieved by
available resistive EFH only at the expense of its operational
lifetime. Therefore, the silicon-carbide-based induction heater
is an affordable and feasible solution that meets the high-
temperature requirements of a Brayton CB application
ensuring high lifetime expectations.

6 CONCLUSIONS

A techno-economic study has been conducted to assess the
impact of additional Power-to-Heat (PtH) integration on a
closed-loop Brayton Carnot battery (CB) system. The objective
of this study was to quantify the tradeoff between system cost
and round-trip efficiency (RTE) arising from the integration of



the additional electric heating and to provide novel design
solutions for such a high-temperature electric heating (HT-EH)
component. To this end, component models for the central
components were developed and implemented in the system
model together with associated cost functions. On this
modeling basis, we investigated a Brayton CB air system with
210 MWh energy storage capacity and a seven-hour charging
and discharging periods under a cyclic steady-state operating
condition and evaluated the influence of additional electric
heating rates on cost and energy efficiency.

The primary results of this contribution are as follows:

e A correlation was found between system costs Cc,pgx and
discharged specific technical work w;, (Coappx~ w;i%®) to
estimate cost reduction due to additional electrical heating

e This correlation reveals that CAPEX are principally
affected by the working fluid’s mass cyclically circulated in
the system and by its delivered technical work

e The linear cost function derived demonstrates the
significant decline in CAPEX with increasing technical
work, which can be increased by additional electric heating

e A sensitivity analysis of component efficiencies clarifies
that the turbomachinery primarily and the solid media
thermal energy storages secondarily must have efficiencies
above 90% to ensure high cost efficiency and high energy
efficiency as well for the system

e The parameter study proves that additional integration of an
HT electric flow heater (EFH) upstream of the HT-STES is
a cost-effective way to increase the specific technical work
and thus reduce the cost of the Brayton CB. However, with
the penalty of reduced round-trip efficiency, an additional
electric heating power of up to 17 MW results in a cost
reduction of up to 23% to < 300 €/kWh, along with an
efficiency loss below 5% to 49% RTE.

e The design study for an induction air heater based on an
inductively heated silicon infiltrated silicon carbide pebble
bed reveals a compact container design providing an outlet
temperature of 1050 °C with a power density of 4.5 MW/m?3

Altogether, PtH integration offers a significant cost leverage for
the Brayton CB when a compact EFH is added into the system.
However, this novel component must provide high outlet
temperatures above 1000 °C under pressures above 10 bar
while maintaining a high conversion efficiency of over 85%.
Since parasitic losses of induction heating and thermal losses to
the ambient have been neglected in this work, further research
effort needs to be carried out to propose design solutions for the
insulated pressure vessel and to validate this PtH concept under
the HT working conditions of the Brayton Carnot battery.

APPENDIX A

To illustrate the major impact of pressure ratio f and HX
temperature (i.e. HP compressor inlet temperature) on the
specific technical work wy, the results of Eq. (9) and (10) for
dry air are presented in Fig. Al. The results show a linear
increase in the specific technical work for both process
parameters. In addition, the results illustrate the difference
between the polytropic process and an ideal isentropic process.
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Fig. A1 Comparison of polytropic (at n, = 0.9) and isentropic (atn, =
1.0) specific technical work results based on the thermodynamic
analysis from section 2.2 using <, ,;» = 1.14 kJkg~'K~'and k = 1.35.

APPENDIX B

To verify that our results are robustness to the use of different
cost functions, we recalculated our design solutions from
Fig. 7 b) using cost expressions from Benato [18]. In addition
to cost functions taken from [18], we applied our piping cost
to calculate the total capital cost, which equal the sum of all
component CAPEX. This value is further multiplied by
Benato’s system cost factor and currency exchange rate €/$ of
1.12.

The results of this robustness check are presented in Fig. B1
for a thermal energy storage efficiency of ney stes = 0.95. Fig.
B1 illustrates results that are similar to the main findings
reported in Fig. 7 b), which lead to identical conclusions of
cost reduction through increased additional heating power.
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Fig. B1 Techno-economic assessment using Benato’s [18] cost functions
for a comparison to results for efficient STES designs with 7y stes = 0.95
from Fig. 7 b).

Moreover, Fig. B2 presents the distribution of system CAPEX
for design solutions from Fig. 9 using Benato’s cost functions.
Although the electric heating component has significantly
higher costs, the results confirm the cost reduction effect.
However, this effect vanishes at the marginal cost of around
950 €/kW resulting in higher system costs and lower RTE.
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solutions from Fig. 9 using Benato’s [18] cost functions. (C: compressors;
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heat exchanger; EFH: electric flow heater)
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