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Carnot battery is considered one of the most promising technologies for large-scale electricity storage. Among
the available configurations, the so-called Integrated Energy Storage System (I-ESS) demonstrated its ability
to compete with other large-scale storage technologies, such as pumped hydro and compressed air energy

I?ff-dlemin m‘;de_l storage. However, an investigation that focusses on the performance of Brayton-based Carnot batteries under
C::no‘ﬁa;ziyyms part-load conditions and adopts an off-design mathematical model is still lacking in the literature. Therefore,

to predict the behaviour in part load, the characteristic curves of the turbine and compressor are included
in the mathematical model of the I-ESS in conjunction with a properly tuned control system. In addition, to
highlight the need to adopt off-design models of critical devices, a comparison between the developed model
and various simplified models has also been performed. The results show that the average discharge efficiency
of the I-ESS reaches 27%, while the maximum depth of discharge is 64%. When using simplified models, the
error in the depth of discharge calculation varies from 7 to 23%. Therefore, this study highlights the crucial
importance of adopting an off-design model to better predict the behaviour and performance of Brayton-based
Carnot batteries without overestimating parameters such as the depth of discharge or the electricity production.

1. Introduction

Reducing CO, emissions from human activities is one of the most
urgent challenges in our society, and the electricity sector is one of
the most impactful in terms of greenhouse gas emissions. The 2023
International Energy Agency Electricity Market Report [1] states that
the emissions associated with the electricity sector are approximately
13.2 Gt of CO,. For this reason, the production of power from renew-
able energy sources (RES) is crucial to boost sector decarbonisation.
According to the International Energy Agency [2], total additions of
renewable energy capacity are increased in 2022 by approximately
13% and reached nearly 340 GW. In the next few years, an additional
increase in renewable energy installations is expected due to strong and
continuous policy support, as well as high electricity prices. However,
variability and unpredictability, the distinctive characteristics of renew-
able sources, such as wind and solar, are pushing the need to develop
and install energy storage units to avoid mismatches between electricity
supply and demand [3].

Various energy storage technologies have been developed over the
years, each with its features in terms of power, capacity, response time,
etc. Among large-scale storage technologies, electrochemical (flow bat-
teries, FBs), mechanical storage (pumped hydro storage, PHS), and
compressed air energy storage (CAES) are considered the most mature
and commercially available solutions. However, several problems affect
these technologies, with the consequent need for new methods of
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storing energy and a new way of managing storage plants. In fact, FBs
are characterised by a poor lifespan (5-15 years), low energy density
(16-60 Wh1~!) and high investment costs (120-1000 $kWh™!) [4-61;
PHS presents low energy density (0.5-1.5 Wh1~!) and high installation
costs (600-2000 $kWh™!). Moreover, this technology requires an al-
most constant mass flow rate and stringent morphological constraints.
The large exploitation of suitable PHS installation sites (especially in
Europe and the United States), coupled with the drawbacks mentioned
above, limits the further spread of this mature technology [6-10].
CAES suffers from similar problems, such as high investment costs
(40-200 $kWh™!), low energy density (3-12 Wh1~!) and geographical
constrains; in addition, this technology often requires a fossil fuel
stream [6,11,12]. All these aspects represent important limits that
preclude a wide and fast development of such technologies and require
finding new solutions for electricity energy storage, able to mitigate
the unpredictable behaviour of variable and intermittent renewable
sources and to meet the geographical needs. As a consequence, in recent
years, researchers have begun to look at thermo-mechanical storage
technologies. Among them, we can find the so-called Carnot batteries
(CBs), one of the most promising solutions in the field of large-scale
electricity storage, as underlined by Vecchi et al. [13] and Lampasi
et al. [14]. The general working principle of a CB is as follows: during
the charge, electricity is converted into heat and stored as thermal
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energy. When power is requested, thermal energy is converted back
into electricity and delivered to the grid.

Several types of CB have been studied over the years (i) using
sensible and latent thermal energy storage (TES), (ii) performing the
charge by direct electric heating, heat pumps and low temperature
waste heat, and (iii) discharging the system by means of different
thermodynamic cycles such as the Rankine, Brayton-Joule, and Kalina
cycles [15]. Despite the various solutions proposed, the most studied CB
plant arrangement is the one named Pumped Thermal Energy Storage
(PTES). PTES is characterised by a high energy density, a low self-
discharge rate, no geographical limitations, and a small installation
footprint. It is based on a high temperature heat pump cycle, which
converts the off-peak electricity into thermal energy and stores it inside
two man-made thermally isolated tanks (usually called Thermal Energy
Storage or TES): one hot, with a storing temperature from 500 °C
to 1000 °C, and one cold, characterised by a storing temperature
ranging from —150 °C to —70 °C. During high-demand hours, the
system is discharged: in this phase, a thermal engine cycle is adopted
to convert stored thermal energy into electricity. The working fluid is
a gaseous medium, air or argon, while electricity is stored as sensible
heat using inexpensive and solid materials such as concrete, gravel,
or other common minerals [16-18]. In addition, PTES allows the use
of components from existing out-of-market fossil-based thermal power
plants. The latter is the motivation that led the authors of this work to
develop the Integrated Energy Storage System (I-ESS): a storage unit
that can be embedded in unused or currently being decommissioned
fossil-based power plants, as well as at the same installation site for
wind and solar plants [19,20]. This system is described in depth in
Section 2, but can be seen basically as a modified gas turbine in which
the combustion chamber is replaced by a sensible TES. Compared to
PHS and CAES, I-ESS does not suffer from geographical constraints and
does not require a stable water flow, such as PHS, or a natural gas
stream such as CAES. Unlike FBs, the I-ESS plant is characterised by a
longer cycle life, whereas, compared to PTES, the I-ESS layout features
a lower complexity.

Previous studies have demonstrated the feasibility of the I-ESS plant
(see, for example, [19,20]) and its ability to integrate with variable
renewable facilities, to mitigate its variable behaviour (as highlighted
in [21-23]). However, it is imperative to investigate in the proper
way the off-design and dynamic behaviours of the system, specifically
during the discharge phase. In fact, in the literature, only a few authors
have investigated this field, such as Frate et al. [24,25], while most of
the work focusses primarily on the design of the system using simplified
models (for example, [26-28]). The I-ESS system works most of the
time in off-design conditions, since the temperature of the storage
changes continuously, in particular during the discharging phase. In
addition, the needs of the electrical grid often require the operation
of the I-ESS in partial load conditions. These two aspects explains the
importance of an off-design analysis. To this end, in this work the
mathematical model of the I-ESS is improved by implementing the
performance maps of the turbomachinery and a custom control strategy
in order to make the mathematical model capable of predicting the
off-design behaviour of the I-ESS during discharge, given its particular
importance. To highlight the importance of a precise modelling of
the part-load behaviour of the system, this comprehensive off-design
model is subsequently compared to different simplified models from
the literature [20,21,29-31].

The rest of the work is organised as follows. Section 2 describes
the layout of the I-ESS, while Section 3 presents a detailed descrip-
tion of the off-design mathematical model of the I-ESS storage unit,
while Section 4 presents the case study under investigation. Section 5
summarises the most interesting results of the numerical investigation,
while Section 6 states the conclusions.
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Fig. 1. Layout of the I-ESS system in (a) charge and (b) discharge modes.

2. Integrated Electricity Storage System (I-ESS)

The storage plant considered in this work is based on the config-
uration developed, patented and tested by Benato et al. [19,20]. The
arrangement is named the “Integrated Energy Storage System” (I-ESS)
and consists of a thermo-mechanical unit for storing electricity in the
form of sensible heat that allows the use of components of existing
unused or in-decommissioning fossil-based power plants. In this way,
the system provides flexibility to the grid without installing additional
capacity. The layout of the plant is sketched in Fig. 1.

In this configuration, air is the heat transfer fluid and, during the
charging phase, a fan guarantees its circulation in the circuit. After
being sucked, the air is preheated in a heat exchanger (HX) using the
energy content of the air leaving the storage tank and then heated
up by an electric heater (EH). At this point, the air is characterised
by a high temperature and enters the TES tank, where it heats up
the solid material that makes up the storage tank: thus, electricity is
stored as sensible heat. The adoption of the EH allows to maintain
the air temperature at the inlet of the storage tank at a fixed value,
independently of the other operating conditions.

During the discharging phase, the system follows a Brayton-Joule
thermodynamic cycle: the arrangement is similar to that of a gas
turbine, but the combustion chamber is replaced by the storage tank.
Consequently, the storage medium that was previously heated dur-
ing the charging phase can release its energy by increasing the air
temperature. In more detail, air under ambient conditions is sucked
and compressed by a compressor. Then it is heated in the TES: the
temperature of the storage material progressively decreases as the dis-
charge proceeds. Finally, air at high pressure and temperature expands
through a turbine and is released into the atmosphere. The mechanical
power generated by the turbine is converted into electricity through the
electric generator. In the I-ESS configuration, the compressor and the
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turbine can be radial or axial turbomachines, depending on the plant
nameplate power.

Basically, this technology allows us to store the excess of electricity
generated by renewable sources as sensible heat and to inject it into
the grid in a second moment, during the discharging process, starting
from the heat previously stored in the TES tank.

Previous studies have shown that, despite poor efficiency, the plant
is feasible and the investment costs to build an I-ESS are low. So,
[-ESS can compete with other ES technologies [19]. Furthermore, a
proper selection of the type and shape of solid storage material allows
the plant to reduce costs, as well as design a storage facility that can
store a different amount of energy in the same volume [20]. A feature
that intrinsically guarantees the scalability of the plant based on the
needs of the network. However, an in-depth analysis of plant behaviour
under off-design conditions is still lacking. In previous works carried
out by the authors on the I-ESS, a simplified mathematical model was
used, which does not take into account the operating ranges of the
turbomachinery and the variability of their performance under different
working conditions [20-23]. To fully understand the potential of the
proposed storage system and develop custom management strategies,
the decrease in turbomachinery efficiency under part-load conditions
must be taken into account. For these reasons, this work is focused on
off-design modelling of the I-ESS system with an in-depth description of
the compressor and the turbine through the use of performance maps.
Although the layout of both working conditions is shown in Fig. 1, in
this work only the discharge phase is investigated. The reason for this
choice is that in the charge system as it is, the fan works in stationary
conditions independently on the state of charge of the TES, and so a
simplified constant parameter model is accurate enough to predict the
performance of the charge system.

3. The I-ESS off-design numerical model

During the delivery phase, the thermal reservoir temperature profile
changes continuously. This means that the turbine inlet temperature
(TIT), which is the driving parameter in calculating the equilibrium
point of the discharge system, also changes continuously. This fact leads
to important consequences: unlike a conventional power plant, the I-
ESS never works under design conditions. Therefore, it is important to
build a mathematical model able to predict its off-design behaviour.
Moreover, the system operates in a continuous transient state, and
consequently the steady-state working point does not exist.

In the mathematical model proposed in this work, only the thermal
reservoir is analysed as dynamic, whereas the rest of the components,
as well as the control strategy, are treated with a steady-state approach.
This means that the model is built considering that the time constant
of the thermal phenomena is higher than the time constant of the
mechanical one. With this approach, a pseudo-steady-state equilibrium
point is computed at each time step. Obviously, this way of modelling
the turbomachinery is widely adopted and guarantees to describe in
an appropriate manner the behaviour of the system, especially if the
simulation time involves several hours. However, to predict the step
response and the start-up/shut-down of the storage unit, a proper
dynamic model of the whole system must be built, but this is beyond
the objectives of this work.

The system consists of two axial turbomachines and a packed-bed
thermal reservoir. The power regulation of the plant is performed by
acting on the angle of the variable inlet guide vanes (VIGV) at the com-
pressor inlet, while the rotational speed of the shaft remains constant.
The model is built in a MatLab environment, while the thermophysical
properties of both air and storage material are derived from the NIST
databases.
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3.1. Compressor model

Turbomachinery is modelled with a zero-dimensional approach. In
fact, the behaviour of both the compressor and the turbine is described
through their performance maps. Standard maps are taken from the
commercial software database [32] and scaled according to the point
of design. For the compressor, the working point, which is characterised
by a certain combination of pressure ratio (pr), mass flow rate (/1) and
isentropic efficiency (#;,), is expressed as a function of rotational speed
(N) and the auxiliary coordinate # (see Eq. (1)).

{pr, ms 'I;s }c = f(ﬁcﬂNc) (1)

Through interpolation of the maps, these values can be derived. Then,
providing as input the inlet pressure and temperature, it is possible to
evaluate the outlet conditions using Egs. (2) and (3).

Py =Dp1 - Pre (2)
1 =
‘(prc - 1) 3)
']ix,c

During off-design operating conditions, the I-ESS management system
varies the VIGV angle (a,4 ) to keep the rotational speed constant. The
correlations that describe the modification of the compressor working
point as a function of a;;, are as follows.

orm [%]
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The values of the coefficients a, b, and ¢ are set equal to 1, 1 and 0.01
as suggested in Ref. [33]. The positive values of a;;, correspond to the
closure of the variable inlet guide vanes, while negative values mean an
opening of the VIGVs with respect to the design position (a;gy 4.5 = 0).
The range of variation «;;, was set considering a typical range of
VIGVs angles (from —5 to +40) [33,34].

3.2. Turbine model

The turbine is modelled using standard maps scaled according to
the design values of the pressure ratio and the corrected mass flow,
similarly to the compressor case. In fact, as given for the compressor,
the values of the mass flow rate, the pressure ratio, and the isentropic
efficiency are expressed as a function of the rotational speed and the
auxiliary coordinate g (Eq. (7)).

{pr.m,n;g}, = f (B, Ny) &)

The turbine geometry is fixed and there are no variable inlet guide
vanes. Thus, the outlet temperature and pressure are calculated accord-
ing to Egs. (8) and (9).

p= 2 ®

T4:T3~<1—'l;‘s,r<l_<pir,)%>> :

3.3. Thermal energy storage model

The thermal energy storage tank is the key component of the I-ESS
plant. Several models can be found in the literature for the description
of the thermal reservoir [35] but, in this case, the TES-PD model
developed by Benato et al. [26] is adopted. The TES-PD model is a 1D
model in which the tank is discretised into n layers characterised by
the same dimension. The influence of the number of discretisations, on
both the computation time and the accuracy in the calculation of the
temperature profile, has been thoroughly investigated in Ref. [26]. One
of the peculiarities of this model is its ability to take into account the
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Fig. 2. Scheme of the calculation for the matching procedure. The matching variables are highlighted in red, while the functions are highlighted in green. (For interpretation of
the references to colour in this figure legend, the reader is referred to the web version of this article.)

variability of the thermophysical properties of both the solid storage
material and the heat transfer fluid. For more details, the interested
reader can refer to [26].

3.4. Components matching

The I-ESS model calculates pseudo-steady-state points, where the
turbomachines are supposed to instantaneously adapt to the thermal
behaviour of the reservoir. Accordingly, for each time step, the power
and the mass balance are fulfilled. In this optics, finding the equilibrium
point of the system requires solving a system of non-linear equations of
dimension three [36]. In the case under analysis, the procedure is based
on the gradient-based £solve algorithm available in the Matlab suite.
The algorithm employs a variant of the Powell method (trust-region
algorithm [37]). In Eq. (10), which describes the algorithm, 6x is the
vector that contains the step changes of the matching variables, J is the
Jacobian matrix and F is the vector with errors. The matching variables
are B,y @Gy and By, while the errors come from the check of the
turbine pressure ratio, the mass continuity, and the power balance, as
shown in Fig. 2.

J -6x=-F (10)

At each iteration k, the new variables are calculated as x;, = x,_; +
6x. The system is solved when F = 0. The final values of .., @16y s
and p,,,, are those that meet the equations of mass and power balance
and give a net power equal to that set as input.

4. Case study

The purpose of this work is to study the off-design behaviour of the
I-ESS system during the discharge process, to improve the accuracy of
the plant behaviour prediction. As a consequence, the design parameter
of the system must be introduced. The I-ESS design parameters are the
same as those in the work presented in Ref. [21] to allow for a proper
comparison of the results between using the off-design model and the
simplified model.

In particular, the thermal storage volume is set equal to 250 m3,
while its height is 6.6 m. The packed bed is made up of spheres of
aluminium oxide (Al,03). The density, void fraction, and diameter
of the spheres are reported in Table 1, as well as the other main
characteristic parameters.

The design power of the plant is set at 0.8 MW, while the design
compressor pressure ratio and the polytropic efficiency of both tur-
bomachines are set at 8.5 and 0.85, respectively. In the case under
analysis, both the compressor and the turbine have an axial config-
uration and the rotational speed is constant. Based on the design
characteristics of the gas turbine used to build the I-ESS power train,
the thermal reservoir design temperature, which is equal to the turbine
inlet temperature, is set at 1200 K while the air mass flow during
discharge is assumed to be equal to 3.9 kg s~1. As we have previously

Table 1

Design characteristics of the TES.
Geometry Packed-bed
Material Al, 05 (aluminium oxide)
Elements’ shape Sphere
TES volume 250 m’
TES height 6.6 m
Al,O, density 3990 kgm™
Void fraction 0.4 -
Spheres diameter 50 mm

seen, the turbomachines have an axial arrangement; therefore, for
the compressor and the turbine, an axial map is selected from the
commercial software database. Subsequently, the selected maps are
scaled according to the design values. Note that this is common practise
in the case of a lack of information on the performance maps of the
machines considered [33,38,39].

To properly study the delivery phase, the discharge investigation is
carried out starting from a TES tank under isothermal conditions (1200
K).

5. Results and discussion
5.1. Off-design performance of the I-ESS

After model validation (see, e.g., [19,20]), a preliminary investiga-
tion is conducted with the aim of finding the technical minimum of the
system. As previously said, for simplicity, the reservoir is considered, at
the beginning of the simulation, in an isothermal condition. At the be-
ginning of the discharge phase, the I-ESS deliverable power is set equal
to the nameplate one. However, with the progress of the discharge, the
temperature of the packed bed decreases and, consequently, the tur-
bine inlet temperature decreases too. Therefore, the I-ESS management
system is not able to maintain both the power and the rotation speed
at the design values. Therefore, since the control strategy is devoted
to maintaining a constant rotational speed, the power delivered to
the grid is reduced (see Fig. 3a). The power reduction continues until
the system can no longer provide power by maintaining a constant
rotational speed. This condition corresponds to a power equal to about
40% of the design one. Taking into account the safety margin, the I-ESS
technical minimum is set equal to 50% of the gas turbine nameplate
power.

The analysis of the discharge phase from the full charge to the
technical minimum reveals that, as the TIT changes, the equilibrium
point of the system also changes. Therefore, to maintain the rotational
speed constant, the angle of the VIGVs must be continuously adjusted
(Fig. 3b). The initial value of a;;,, when the VIGVs are in the design
condition, is a;;, = 0. Initially, to maintain the rated power, the VIGVs
have to slightly open to counterbalance the decrease in the TIT. Then,
when a;s), reaches its lower minimum of —5, the power is scaled and
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a;qy suddenly increases to a positive value. Fig. 4 shows the shape
of the compressor map for the minimum (red line) and the maximum
(blue line) values of «;;, during discharge.

As said, during the delivery phase, the temperature of the packed
bed decreases. Fig. 5 shows the temperature trend of some layers
over time. It is interesting to note that the temperature of the first
layers quickly drops to 600K, which is equal to the compressor outlet
temperature. The first layer is slightly heated after some time step, and
this is due to an increase in the compressor pressure ratio related to the
regulation of a;, . The discontinuities in the temperature trend derive

from the step regulation of the net power, as shown in Fig. 3. The graph
in Fig. 5 also shows the trend of TIT over time: it follows the trend of
the last layers of the reservoir.

Fig. 6 shows the thermodynamic cycle at the beginning and end of
the discharge process: at the end of the discharge, both #;;, and TIT
are lower compared to the design point.

The number of layers in which the packed bed is discretised affects
both the accuracy of the calculation and the simulation time. However,
the focus of this work is to study the performance of the whole system,
rather than the thermal storage itself. Therefore, a sensitivity analysis
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is performed to evaluate the effect of the number of layers (1) on the
accuracy of the model.

The turbine inlet temperature is selected as a key parameter as the
driving variable in the calculation of the thermodynamic cycle. The
analysis revealed that, varying »n from 30 to 160 with a step of 30,
the standard deviation in the TIT calculation at the end of discharge is
approximately 0.02%. For this reason, a number of 60 layers is chosen
as a good compromise between computational speed and accuracy.

After this preliminary investigation devoted to the definition of the
technical minimum and the number of layers for the discretisation, it is
interesting to study the discharge time of the system. Two performance
parameters can be defined: the total discharge time, and the discharge

time at nameplate power, corresponding to the maximum amount
of hours for which the system can provide the design power. The
TES temperature was adjusted to explore the effects of both of these
parameters. The results of the simulations are presented in Fig. 7,
which shows the influence of the temperature at which the heat is
stored on the discharge time. For these calculations, the design power
is set to 0.8 MW, while the power step size is 5%. As we can see,
the total discharge time is strongly influenced by the reservoir design
temperature: increasing Ty pg gesipn from 1100K to 1300K the total
discharge time increases from 32.4 h to 48.6 h (+50%). The storage
temperature also determines the discharge time at nameplate power.
Varying the TES temperatures from 1100K to 1300K, we observe an



M. Pecchini et al.

50

Journal of Energy Storage 100 (2024) 113518

45

discharge time [h]
N N w w B
o (6)] o ” (&) o

-
a1
T

N
o
T

O 1 1 1 1

1

—%*— Total discharge time

—o— Discharge time at Pdesign

1 1 1 1 1

840 860 880 900
T

TES,design

920

940 960 980 1000 1020
[°C]

Fig. 7. Influence of the storage temperature on the discharge time.

Power [MW]

PMS 1
PMS 2

o 1 1 1 1

10 15 20

25
time [h]

30 35 45 50

Fig. 8. Influence of the power decline step on the discharge time.

increase by 61% of the discharge time. Moreover, the efficiency of
the Brayton cycle is strongly influenced by TIT. Hence, having a high
TrEs gesign 15 Deneficial for the discharge phase.

The off-design model established that the system cannot provide
the nameplate power for the entire discharge time: due to continuous
decrease of TIT, the power must evolve consequently. At certain point
of the discharge phase, the power has to be reduced to maintain the
rotational speed constant. The strategy by which the power reduction
is managed affects the discharge duration. Fig. 8 shows the difference
between two different power management strategies (PMSs). PMS 1
involves a gradual reduction of the power with 5% steps. On the other
hand, PMS 2 consists on a sudden drop of the power towards the
technical minimum. The results show that managing the system with
PMS 2 (light blue line in Fig. 8) allows to extend the discharge time
by 4.2h. This comes from the fact that part of the “available power”
is unused. The choice of the management strategy may depend on
economic evaluations and on the requests of the grid operator.

The off-design model allows for the determination of the maximum
depth of discharge of the TES. To do so, the maximum thermal energy
that can be stored in the tank must be calculated. With the hypothesis
of heating the tank from ambient temperature (293K) to 1200K, the
maximum storable thermal energy is 169 MWh,;,. Taking into account
the full discharge, the maximum exploitable thermal energy can be

calculated as in Eq. (11).

1
Eth,discharge =M - ; . Z an

< / e)(T) - dT>
Jj=lin

where 7 is the number of layers, M is the mass of the solid and ¢, is
the specific heat of the solid. Fixing the technical minimum at 50%,
the maximum exploitable thermal energy is 108 MW#;,;,. Therefore, the
depth of discharge is about 64%.

The electrical energy produced during a complete discharge process
results in 31 MWh,,. Note that for the hypothesis of the investigation
performed, the charge phase is not modelled. Therefore, the Round-
Trip Efficiency (RTE) cannot be defined on the basis of the selected
starting state of charge. However, considering the TES as isothermal at
a temperature of 1200 K, the efficiency of the discharge phase can be
computed as in Eq. (12), and resulted equal to 27%

Eel,dixcharge

ndischurge = E (12)
1

h,discharge

This has to be considered as an average value. During discharge,
in fact, as the TES cools down the TIT decreases, and so does the
efficiency of the Brayton-Joule cycle. Fig. 9 shows the trend of the
efficiency of the discharge system as a function of the state of charge
of the system. For a large part of the process, 1, remains constant to
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Fig. 9. Efficiency of the discharge system as function of the state of charge of the TES.

its maximum value (29%) because the TIT is nearly constant. Around
a state of charge of 50%, 7, starts to decrease as a consequence of the
reduction of TIT. At the end of discharge, the efficiency of the system
is 22%, substantially lower than the average value of 27%. This gives
an important general indication. Since the efficiency of Brayton-based
Carnot batteries is sensitive to TIT, it is recommended not to reach the
maximum depth of discharge of the TES, as it would lead to low values
of efficiency.

5.2. Comparison between the comprehensive off-design model proposed in
this work and simplified models form literature

The results presented in Section 5.1 (obtained with the off-design
model presented in this work) are compared to those obtained using
different simplified models from the literature. Three representative
simplified approaches were selected to simulate the discharge of a
Brayton-based Carnot battery, and all are based on a constant compres-
sion ratio approach [31]. To allow for a consistent comparison, these
models are used setting the same design variables reported in Section 4,
and applying boundary conditions as briefly explained in the following:

+ Simplified model 1 (SM1): it is the model used by the authors in
previous studies on the I-ESS [20-23]. The compression ratio and
the power generated are kept constant, while the air mass flow
rate is variable. During discharge, r,;, increases to overcome the
decrease in TIT. Characteristics maps and VIGVs are not included
in the model. However, an operating range for the compressor is
established, setting an upper limit on the mass flow rate equal to
1.05 « ity gosign- The discharge stops when 7i,;, reaches this limit.
Simplified model 2 (SM2): It is similar to SM1 (constant pressure
ratio and constant power), but s, is free to vary without limits,
and the discharge time is fixed priorly, as done in several works
in the literature. The discharge time is set equal to that calculated
with the comprehensive off-design model presented in this work.
Simplified model 3 (SM3): in this case, the compression ratio and
m,;, are constant during discharge, while the power is variable. In
this model, the delivery phase stops when the TES is completely
discharged [29,30]. Therefore, the discharge phase lasts until the
system can deliver positive power.

air

Fig. 10 shows the difference in the state of charge at the end of
discharge using different mathematical models. It can be seen that with

the simplified model used by the authors in previous studies on the I-
ESS (SM1), the charge stops earlier because s, rapidly reaches the
upper limit set for the turbomachinery. On the other hand, SM3 leads
to an almost isothermal temperature profile inside TES around 300 °C,
which is the compressor outlet temperature. For SM2, the final state
of charge of TES is lower because, even if the discharge duration is
the same as that obtained with the comprehensive off-design model,
ti,;, has no limits and reaches really high values during discharge to
overcome the decrease in TIT.

From the final state of charge of the TES it was possible to evaluate
the maximum depth of discharge with the different simplified models,
as well as the electricity produced during a complete delivery phase,
and the discharge efficiency. The results are shown in Fig. 11. The
error in the calculation of discharge efficiency is approximately 1% for
all simplified models, compared to the model described in Section 3.
However, the discrepancy in evaluating the depth of discharge is huge.
SM1 displays the maximum error; in fact, this model underestimates
the maximum depth of discharge by 23%, which means 15 percentage
points (49% instead of 64$). SM2 and SM3, on the contrary, overesti-
mate it by 7% and 11%, respectively (4 and 7 percentage points). The
total electricity production calculated with the model presented in this
work results in 31 MWh; using simplified models SM1, SM2 and SM3
the error is —22%, +6% and +8%, respectively.

Therefore, simplified models are accurate enough to be used to
evaluate the efficiency of the system. However, comprehensive off-
design models are fundamental for the calculation of the discharge
duration, the electricity production, and the depth of discharge of
the storage system. In particular, we can conclude that the simplified
model used by the authors in previous works on the system under
investigation (SM1) was not accurate enough to predict the off-design
performance of the I-ESS. However, the simplified model was built
to perform year-long simulations in working conditions close to the
design point and not to provide a detailed description of the part-load
behaviour of the system [21]. For this reason, computational speed
was considered more important than accuracy. In fact, the detailed off-
design model takes about 10 times the computational time per minute
of simulation compared to the simplified model.

6. Conclusions

In this study, the off-design performance of an integrated power
storage system has been analysed. To this end, a proper off-design
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Fig. 10. State of charge of the TES after full discharge process: comparison between the comprehensive off-design model proposed in this work and different simplified models
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Fig. 11. Evaluation of depth of discharge, discharge efficiency and electricity production during a full discharge: percentage error using various simplified models from literature,

with respect to the off-design model proposed in this work.

model of the plant has been built. The model takes into account the
part-load behaviour of the turbomachinery with a zero-dimensional
approach using performance maps. Although it includes a dynamic
description of the Thermal Energy Storage, the model of the system
calculates pseudo-steady-state points. In this way, the behaviour of the
plant during a complete discharge can be studied, starting from an
isothermal reservoir.

The results show that the temperature of the reservoir strongly
affects the maximum discharge duration. With an increase in tank
temperature, both the total discharge time and the nameplate power

discharge time increase. However, the discharge duration can be tuned,
according to the requirements of the grid, by regulating the output
power of the system. The results also show that the number of layers
for TES discretisation is not as relevant for the calculation of the
performance of the whole system. Therefore, this parameter can be kept
to the minimum possible to speed up the computation time without
significantly affecting the model accuracy. The average efficiency of the
delivery phase, for the selected working conditions, is equal to 27%.
However, during discharge, the efficiency decreases from a maximum
value of 29% to a minimum of 22%. The maximum depth of discharge
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of the TES results in 64% due to the limited operating range of the
turbomachinery. Comparison with simplified models from the litera-
ture shows that comprehensive off-design modelling is fundamental to
predicting the maximum depth of discharge of Brayton-based Carnot
batteries. In fact, using simplified models, the error ranges from 7% to
23%.

Future developments will involve the implementation of off-design
characteristics of the fan, electric heater, and heat exchanger in the
charging model. In this way, the round-trip efficiency can be defined
and computed as well as the thermodynamic and economic perfor-
mance of the full operation of the system. After that, the dynamic
behaviour can be analysed and tailor-made management strategies
developed based on grid needs.

Nomenclature

Abbreviations

CAES Compressed Air Energy Storage
CB Carnot Battery

EH Electric Heater

ES Energy Storage

FB Flow Batteries

HX Heat Exchanger

I-ESS Integrated Electricity Storage System
LAES Liquid Air Energy Storage

PHS Pumped Hydro Storage

PTES Pumped Thermal Energy Storage
RES Renewable Energy Storage

TES Thermal Energy Storage

TIT Turbine Inlet Temperature

VIGVs Variable Inlet Guide Vanes

Constants and variables

cp specific heat, J kg™! K~!

i mass flow rate, kgs™!

N rotational speed

n number of layers

pr pressure ratio

T temperature

a;gy Variable Inlet Guide Vanes position
f auxiliary coordinate of turbomachinery performance maps
n;, isentropic efficiency

Subscripts and superscripts

¢ compressor

t turbine

el electrical

th thermal
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