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ABSTRACT

In the era of energy transition, there is an increasing need for electricity storage
technology. A technology that has been drawing attention for the past few years is
the Brayton cycle based pumped thermal electricity storage (PTES). Currently, the
research on the thermo-economics of large-scale Brayton PTES systems is relatively
well-developed. However, in the context of small-scale applications (i.e., less than 1
MW), the research is still limited and lacking. This thesis focuses on studying the
thermodynamic and operational performance of small-scale packed bed Brayton
PTES. The research starts with the development and validation of a thermodynamic
model. An analysis of the system transient behavior over a charge/discharge cycle is
carried out. The round trip efficiency of the reference design is found to be 32.7 %. A
parametric analysis is then performed as well as an uncertainty quantification. The
operational limits and control strategies of the packed bed PTES are discussed, and
solutions for extending the operating time at rated power are proposed. Incomplete
charge cycles are also studied. The difficulties of establishing an economic analysis
are discussed, highlighting the need for further investigation. Overall, this thesis
provides insights into the thermodynamic and operational performance of small-
scale packed bed Brayton PTES systems, contributing to the development of packed
bed PTES as an alternative solution for other small-scale electrical energy storage.
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INTRODUCTION

Electrical energy storage (EES) has always been an important issue since electricity
has to rely on another vector to be stored. On a large scale, Pumped Hydro
electricity Storage (PHS) has long been the most economical and flexible solution
for storing large amounts of electricity [1]. However, with the growing demand for
electricity and the recent development of intermittent energies, the demand for
storage capacity has exploded [2]. In view of the geographical constraints necessary
for PHS technology, other types of storage have started to be studied [3].

According to the definition proposed by Luo et al. [4]: "Electrical Energy
Storage (EES) refers to a process of converting electrical energy from a power
network into a form that can be stored for converting back to electrical energy when
needed". EES systems can thus implement different type of energy transformations,
as shown on fig.

-
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Figure 1: EES by type of intermediate form of energy from [4].



INTRODUCTION

Pumped Thermal Energy Storage (PTES), also known as Carnot Battery, is
among the various electrical energy storage technologies that have gained increased
attention in the pursuit of alternative solutions.

PTES are thermal batteries that use heat storage as an energy carrier.
They are currently under development and their target application is mainly for
large scale [5], for example for the management and regulation of wind farms or
large photovoltaic power plants. PTES are among the technologies that do not
have a lot of physical constraints and are easily scalable [6].

They can be broken down into two main families based on the thermodynamic
cycles that they employ: Rankine PTES and Brayton PTES [7]. For small-scale
applications (under 1 [MW] of peak power), Rankine-based Carnot batteries have
already been investigated with existing machines as done by Staub et al. [§].
Although some demonstrators have been built [9, [10], Brayton cycle based Carnot
batteries have yet to prove their technical, operational and economical feasibility
at all scales[I1]. As it is explained more in detail in the literature review of the
following chapter, they can be divided into two main categories based on the
thermal energy storage media employed: those employing a liquid media (typically
molten salts) and those employing a solid media, typically reservoirs filled with
a packed bed of solid material. For small-scale applications (i.e., rated power
below 1 [MW]), packed bed PTES could be preferred due to the very high cost per
installed kilowatt of molten salts PTES at small scale [12]. This thesis therefore
focuses on the packed bed Brayton PTES systems. Its objective is to study their
thermodynamic and operational characteristics on a small scale to understand the
ins and outs of their development.

This thesis focuses on the the following research question:

What thermodynamic and operational performance can be expected
from small-scale packed bed Brayton PTES systems? What are the key
parameters influencing their performance?

The structure is as follows:
o A review of the literature on PTES technology.

o A presentation and validation of the thermodynamic model used to study
the performance of Brayton PTES with packed-bed storage.

« A study of the system behavior and performance over a complete charge/dis-
charge cycle.
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o A parametric analysis as well as an uncertainty analysis about the impact of
the different parameters on the system performance.

o The operational considerations about power limitations of the system.

o A discussion on the economic aspect of the packed bed PTES technology.






CHAPTER 1

LITERATURE REVIEW

The PTES concept is not new. In fact, Marguerre proposed the idea of combining
a heat engine and a heat pump to store energy, as early as 1924 [13].

However, it is only recently that the literature has started to shift its focus
towards studying PTES, exploring their potential for widespread utilization. The
number of researches about them has then strongly increased in the last few years

as shown on fig.
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Figure 1.1: Number of publications on PTES over the past decade from [I1].
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The operating principle of PTES is shown on fig. In a PTES, the electric en-
ergy is stored as thermal energy. The electric input is used to create a temperature
difference between a low temperature (LT) and a high temperature (HT) reservoirs
by means of a heat pump. In order to get an electrical output, the heat flow from
the HT reservoir to the LT reservoir powers a heat engine which converts it into
work and discharges the residual heat into the LT reservoir. Different subcategories
of Pumped Thermal Energy Storage (PTES) can be determined by the choice of
storage materials and the type of thermodynamic cycles employed.

Two main categories of PTES exist, those based on Rankine cycles and those
based on Brayton cycles. In addition to using different thermodynamic cycles, they
differ in the working fluids used and the materials employed for heat storage. Cycle
temperature ranges are therefore determined by the machines, the working fluid
and the storage materials utilized. Fig. [I.3] shows the possible temperature ranges,
based on their different usage constraints, for different materials and for certain
combinations of fluid and cycle.

HEAT ENGINE ELECTRICITY OUT

/
HEAT PUMP
ELECTRICITY IN

Figure 1.2: PTES principle from [14]
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[6].

1.1 Rankine cycle based PTES

Rankine based PTES is mostly based on steam Rankine cycle, Organic Rankine
Cycle (ORC), super-critical and trans-critical CO2 cycles [7]. They operate with
latent heat and sensible heat. The operating principle and the T-s diagrams related
to the charge and discharge cycles are shown on fig. [1.4]

The Rankine PTES is characterized by a cycle where the working fluid undergoes
a phase change. It can thus store both sensible and latent heat and operates
within a narrower temperature range than Brayton PTES (generally under 200 [°C]
instead of above 500 [°C] for Brayton [7]). Due to this low-temperature application,
coupling with waste heat recovery can easily be envisaged [7].

During charging, the low pressure fluid is first evaporated (1 — 2) before being
compressed (2 — 3). It then releases its latent and sensible heat to the hot reservoir
(3 — 5) before being expanded in the turbine and regaining its low pressure (5 — 1).

During the discharge the fluid is pumped up to high pressure (1’ — 2') and
recovers sensible and latent heat from the hot tank (2" — 4’). It is then expanded
in the turbine before being condensed and returning to its saturated liquid state
(5" = 1). Round trip efficiency of Rankine PTES vary from 40 [%] to 70 [%] [6].

Concerning the thermal energy storage system, if the heat is absorbed from
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and rejected to the cold storage at a constant temperature, like in supercritical
CO2 systems, then a phase change material, storing both latent and sensible heat,
may be suited [7]. If the heat is absorbed from and rejected to the hot reservoir
with a significant temperature glide, then a sensible liquid heat storage like water
or pressurized water may be used [7], 6]. Table presents some Rankine PTES
designs and models from the literature.

Hot storage

—— Charge

====Discharge "
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Valve XéPmup O g

[}
i
i
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| Turbine

1 1

1 1

Cold storage / Heat exchanger
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Figure 1.4: Rankine cycle based PTES and corresponding T-s diagram from [6].

Power/Capacity (MW /MWh) Fluid Hot/Cold Storage Roundtrip efficiency [%] Author and source
CO, Pressurized water/Ice slurry 60 M. Morandin et al., 2012 [I5]
0.09/0.45 CO, Pressurized water/Ice slurry 67-75 Y.M. Kim et al., 2013 [I6]
50/200 CO, Hot water/Ice slurry 51-65 M. Mercangoz et al., 2012 [I3]
1/10 CO, Ground heat exchanger/Ice slurry 42-55 F. Ayachi et al., 2016 [17]
1/8 NH;/CO, Therminol 66/Ice slurry 42-55 W.D. Steinmann., 2014 [I8]

Table 1.1: Rankine PTES designs from the literature.

1.2 Brayton cycle based PTES

Brayton based PTES are usually made of a heat pump, a heat engine and two
sensible heat thermal reservoirs. During the charging phase, the battery operates
an inverse Brayton cycle. During the discharging mode, it operates a direct Brayton
cycle.

Brayton-based PTES are generally working with a supercritical gas as the working
fluid. The most common ones are argon and air. However, other fluids as helium,
hydrogen and nitrogen have also been studied. In Brayton based PTES, the working
fluid is not subject to a phase change. Therefore, to carry the same amount of heat
as Rankine PTES, they work with important temperature differences (from 500 to
over 1000 [°C] [6]).
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There are two major types of Brayton based PTES based on the type of storage
material used: liquid or solid. Liquid Brayton PTES (LBPTES) store sensible heat
in a liquid media, usually molten salts, and use cryogenic fluids (e.g. methanol or
hexane) for the cold storage. Solid Brayton PTES (SBPTES) store sensible heat
in a solid media. These two types of Brayton PTES are presented in more detail
in the following sections. Phase change materials can also be used but are not very
present in the literature [19][20].

Table summarizes some Brayton PTES models from the literature. As it
can be seen, the range of round trip efficiency (26.9-85 [%]) is wide.

Power/Capacity (MW/MWh) | Fluid Hot/Cold Storage Roundtrip efficiency [%)] Author and source

100/600 Argon Refractory material 66.7 Desrues et al., 2010 [21]

2/16 Argon Particulated granite 72 Howes et al., 2012 [9]
2/16 Argon Packed Fe30, pebbles 50-85 McTigue et al., 2015 [22]
-/- Nitrogen | Molten salt and N-hexane / N-hexane 50-85 Laughlin et al., 2017 [23]

/1 Air Aluminium oxide spheres 26.9 Benato et al., 2018 [24]

4/12 Helium Basalt 56.9 Wang et al., 2019 [25]

/2 Nitrogen Magnetite pebbles 574 Wang et al., 2019 [26]

2/16 Argon Magnetite pebbles 40-53 Sapin et al., 2020 [27)
100/1000 Argon Gravel 59-65 Davenne et al., 2020 [28]

Table 1.2: Brayton PTES designs from the literature.

1.2.1 Molten Salts PTES (LBPTES)

Molten salts PTES employs two pairs of tanks for the thermal storage (one for the
hot storage and one for the cold storage), two pairs of compressors/expanders (one
for the heat pump and one for the heat engine) as they operate at very different inlet
temperatures [29] and heat exchangers. The heat exchanges are used to exchange
heat between the working fluid and the storage medias or with the environment. A
recuperator can also be included, allowing to increase the round trip efficiency and
reduce the pressure ratios [29]. Fig. shows the two different layouts, with or
without recuperator.

During the charging phase, the working fluid is first compressed in order to
reach a high temperature. It then exchanges heat with the hot storage media, the
latter flowing from a colder temperature tank to a hot temperature one. The fluid
is then expanded before gaining heat from the cold storage by flowing through
the cold heat exchanger. In a similar yet opposite way as the hot storage, the
cold storage media flows from the hotter to the colder tank in the process. In the
discharging phase, the inverse cycle takes place. The state of charge of the system
is characterized by the filling of the tanks.

Concerning the hot storage material, nitrate molten salts are the most common
choice although chloride salts have also been studied [12]. In order to remain in
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a liquid state, molten salts have to remain above their freezing temperature. For
nitrate molten salts, this freezing temperature is usually located in the 200-300
[°C] range [30]. Molten salts are also limited by their degradation temperature,
above which their thermal stability starts degrading. For nitrate molten salts, this
temperature is in the 500-600 [°C] range while it can exceed 800 [°C] for chloride
molten salts [30]. As the cold temperature of the hot storage has to remain above
the salt’s freezing temperature, the turbine work output becomes a significant
fraction of the compression work, limiting the round trip efficiency of the system to
about 35-40 [%] [12, 29]. Adding a recuperator transferring heat between the high-
and low-pressure streams of the working fluid allows to solve this problem. The
T-S diagrams corresponding to both configurations, with or without recuperator

are shown on fig.
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Figure 1.5: Schema of (a) Molten salts PTES during charge from [30] (b) Molten
salts PTES with recuperator from [29]
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Figure 1.6: T-S diagrams comparison for reversible cycle: MS without recuperator,
MS with recuperator (shading indicates recuperative heat transfer) from [29].

1.2.2 Packed-bed PTES (SBPTES)

Packed-bed PTES is the other most common technology for Brayton cycle-based
PTES. It relies on vertical reservoirs filled with packed beds of solid material to
store the thermal energy. The solid material used is often stone (e.g. basalt), but it
can also employ other materials such as gravel or aluminum oxides. [31] Inside the
reservoirs, the working fluid heats the solid by convective heat transfer. This solid
stores the heat lost by the fluid, but not evenly throughout the reservoir. As the
fluid gradually loses heat, it will heat the next layers of the reservoir less, resulting in
a stratified temperature distribution inside the reservoirs. The reservoirs therefore
contain a hot zone, a cold zone and a zone with a temperature gradient, known as
the thermocline. All of this is described more in detail in chapter [2]
The profile of the thermocline will change during charging and discharging, and will
move within the tanks. The tanks outlet temperatures will therefore vary during
the cycle, making the operation of the system complex.
This particular type of storage means that only two tanks can be used, instead of
four for molten salts storage.

As Frate et al. [12] suggests, packed-bed PTES seems to be the technology
most likely to be interesting for small-scale applications from a techno-economic
point of view compared to molten salts PTES.

10
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1.2.3 Ecologic aspect

Oro et al. [32] investigated the environmental impact of each storage technology
and detailed for each of them the quantity of each material required and its impact
based on the Ecolndex 99 [33].

Their conclusions are clear, the packed-bed technology has the lowest environmental
impact due to its simplicity, while the molten salts technology has the highest
impact because it requires more materials and more complex equipment.

The overall impact per kilowatt-hour is, in the scenario with the largest temperature
difference, 0.15 points for the packed bed and 5.67 for the molten salts. From
their analysis we can see that the Molten Salts represent almost 94 [%] of the
environmental balance for this technology. Wickramasinghe et al. [34] and Nahhas
et al. [35] share the same conclusion that packed-bed technology has a significantly
lower environmental impact compared to molten salts.

11



CHAPTER 2

THERMODYNAMIC MODEL

In this chapter, the layout and detailed operating principle of the Brayton-based
packed bed PTES is presented. The numerical modeling of each component of the
system is explained and a sensitivity analysis on the numerical parameters of the
model is carried out.

2.1 Packed bed PTES general layout and charac-
teristics

The general layout of the packed bed Brayton-based PTES is shown on fig. 2.1}
The main components are the two packed bed reservoirs, one for the hot side (HR)
and one for the cold side (CR), a pair of compressor and expander for the heat
pump (HP) cycle and one for the heat engine (HE) cycle (so four machines in
total), two heat exchangers, one on the high pressure side (HPHX) and one on the
low pressure side (LPHX). A fan and an electrical resistance are also present for
the initialization of the system. They are used to warm the HR and the CR at the
desired temperatures. The buffer vessel and auxiliary compressor are present to
store/release gas and adjust the pressure and mass flow rate in the system during
the charge and discharge processes. The role and numerical modeling of each of
these components is explained more in detail in this chapter.

12
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Figure 2.2: T-s diagram with argon as working fluid during charge (HP) and
discharge (HE) of a Brayton based PTES system with packed bed storage. The
numbered states correspond to the system presented on fig. The red and blue
arrows indicate a heat flux to/from a packed bed reservoir or the ambient in the
case of the HPHX and LPHX during charge and discharge respectively.
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Fig. shows the temperature-entropy diagram of the charging and discharging
cycles of the packed bed PTES. During the charging process (HP cycle), the working
fluid is first compressed from the initial temperature of the CR to a high-temperature
and high-pressure state (shown as 1 — 2 on the T-s diagram). It then flows through
the HR, rejecting heat to the packed bed material and therefore displacing the
thermal front inside it (2 — 3). The heat exchange between the fluid and the
packed bed material and the resulting temperature profiles inside the reservoirs are
described more in detail later in this section. The residual heat is then evacuated
through the HPHX (3 — 6). Some designs also consider a layout without the
HPHX in the HP cycle [37]. The fluid is then expanded to a low-pressure and
low-temperature state through the expander (6 — 4). It finally flows through the
CR to come back to its initial state (state 1), absorbing heat from the packed bed
material and therefore displacing the thermal front in the CR.

During the discharging process (HE cycle), the working fluid goes from its initial
state to a low-temperature state by flowing through the CR, rejecting heat to the
packed bed material (1’ — 47). After being compressed to a higher temperature
and high-pressure state (4 — 6’), the heat generated by the irreversibilities of the
compression is rejected to the environment through the HPHX (6" — 3’). This also
allows to control the inlet temperature of the fluid in the HR. The fluid then flows
through the HR, absorbing heat from the packed bed material and exiting the HR
at a high-temperature state (3’ — 2’). After being expanded to a low-pressure
state (2" — 5’), it returns to its initial state by flowing through the LPHX (5" — 1°).

The packed bed reservoirs are vertical pressurized vessels filled with a packed
bed of pebbles, storing energy in the form of sensible heat. A part of the volume is
occupied by the solid material whereas the rest of the volume (the void fraction
€) is occupied by the moving fluid. In these reservoirs, the temperature is not
uniformly distributed but presents a stratified temperature distribution along the
lenght axis as shown on fig. Three main zones can be identified: a hot zone
where the temperature is almost uniformly hot, a cold zone where the temperature
is almost uniformly cold and a thermocline region in between the hot and the cold
zones where a temperature gradient makes the transition between the hot and
the cold zones. In the hot and cold zones, the temperatures of the fluid and the
solid material can be considered equal whereas in the thermocline zone there is a
temperature difference between the fluid and the solid. It is in this thermocline
zone that the heat transfer between the fluid and the solid occurs. During the
charging/discharging of a reservoir, the convective heat transfer between the fluid
and the solid material results in a displacement of the thermocline towards the
cold/hot zone. Fig shows the evolution of the fluid and solid temperature
profiles during a charging/discharging process.

14
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In these reservoirs, there is a direct contact between the working fluid and the
solid material. Some designs considering an indirect heat exchange, with a heat
exchanger between the working fluid and the fluid going through the packed bed
reservoir have also been proposed [38, [39], showing that a PTES system with an
indirect heat exchange could present lower installation cost than the direct PTES
system when its electricity storage duration exceeds 6h. However, the indirect
configuration leads to more exergy losses due to the additional heat exchangers,
therefore degrading the round trip efficiency [3§].

>
>
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Figure 2.3: Temperature profile inside a packed bed reservoir.
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Figure 2.4: Evolution of the fluid and solid temperature profiles and displacement
of the thermocline in a packed bed reservoir for a charging or discharging process.
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An important aspect of packed bed PTES is their unsteady behavior while in
operation. As the charging and discharging processes take place, the temperature
profiles inside the reservoirs evolve, resulting in evolving fluid temperatures at the
outlet of the reservoirs (as it can be seen on fig. [2.4). The operating conditions
and therefore the performances of the HP and HE cycles thus vary throughout the
charging and discharging processes. This transient behavior of the system during
its operation is presented in chapter |3| about the cyclic behavior of the system.

2.2 Models of the components

2.2.1 Packed bed reservoirs

The following section details the model developed to simulate the packed bed
reservoirs temperature profiles and the heat transfer occurring inside them.

The packed bed reservoirs are modeled as well-insulated cylindrical tanks (losses
to the environment are therefore neglected) [36]. In order to solve the temperature
profiles of the solid packed bed material and the fluid, the 1D Schumann model is
considered. It consists of two coupled PDEs, one for the fluid phase (eq. [2.1)) and
one for the solid phase (eq. [2.2)[25]:

o G oy _
Ot pre O preyre

(T, —Ty) (2.1)

where p; is the fluid density, ¢,y is the fluid specific heat capacity at constant
pressure, G the mass flow rate per unit area (defined at eq. , € the void fraction
(defined at eq. [2.5), h, the volumetric heat transfer coefficient (defined at eq.
and Ty, T are respectively the temperature of the solid and the fluid.

o,  h, koes; 0T,
Ot pecs(l—e) pscs(1—¢€) Oz

where p; is the solid density, ¢, the solid specific heat capacity and ks s is the
solid effective thermal conductivity (defined at eq. [2.6).

(Ty = To) + (2.2)

The assumptions of this model are the following:

« 1D Newtonian plug flow (condition: d—Dp > 40 [-] , with D being the reservoir
diameter and d,, the particle diameter) [40].

o Heat transfer occurs based only on the temperature difference between the
solid and the gas, and by conduction along the solid material.

» The temperature gradient in the radial direction is negligible [36].
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o The heat losses through the well-insulated wall are negligible [25].

« Radiation heat transfer is neglected, as justified by the temperature level
[40].

The volumetric heat transfer coefficient h, is calculated based on the heat
transfer coefficient «, ,the void fraction e and the solid particle diameter d,, [40].
The heat transfer coefficient ay, is computed with the correlation of Coutier and
Farber [40, [41] and the correlation for the void fraction € is taken from Zhang et al.
[36):

1 —
hy = 0L 9% (2.3)

dp

700 0.76 70.24
= 76q0- 2.4
®=Ga-g9” W (24)
—0375+017—d”+039 ] 2 (2.5)
€= u. . D . D .

It is important to note that all three parameters depend on the particle diameter
d,. The influence of this parameter is studied more in detail in chapter

The formula for the effective thermal conductivity in the solid phase is taken
from Héanchen et al. [40]:

by = b + (1= ok ] (2.6)

The mass flow rate per unit area G is defined as the mass flow rate divided by
the cross-sectional area of the tank:

G = (2.7)

| 3

The fluid properties are taken from the CoolProp library [42].

The packed beds reservoirs are discretized into N layers and eqgs. (2.1)) and ({2.2))

are solved using a semi-implicit scheme:

T},i _ Tjt”,;l _ <_G> T;,i - T;,i—l n T,

Tt
At pre Ax prfE(

EX?

=) (2.8)

T!; — Tst;'l Ty kserr  Tein — 2T, +Ti,
At pees(1—e) pscs(1—e) Az?
The boundary conditions are the following; the fluid temperature at the inlet

of the tank is considered constant. The solid material temperature gradient at the
inlet and outlet of the tank is considered null (zero flux):

(2.9)

(Tj;, — Ts,) +
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Ti(x=0)=T7"(x =0) (2.10)
OT,(x=0) 0T (x=1L)
= o =0 (2.11)

The pressure drop along each layer of length Ax of the discretized reservoir is
computed with the Ergun equation [43]:

AzG? (1—¢) 150(1 —¢)?
Ap; = 1.75 ) 2.12
P Pg.idp < €3 + Gd,e? Hg, ( )

The total pressure drop across the packed bed is calculated by summing the
pressure drop across each layer:

Ap=> Ap; (2.13)

=1

Due to variations of the gas density inside the reservoirs owing to the displace-
ment of the thermocline and the subsequent variation of temperature profiles, a
large amount of gas is stored or released in the pore volume of packed beds. This
causes an imbalance of mass flow rate between the inlet and the outlet of the
reservoirs, described by the following equation:

dp O0G
€, 5 =

ot Ox
The buffer vessel and auxiliary compressor are therefore present to store/release
gas and adjust the pressure in the system, balancing the mass flow rate variations
in the two packed bed reservoirs. Wang et al. [26] also proposed a self-balancing
PTES system without buffer vessel, obtaining a round-trip efficiency 0.12 [%] higher
than the buffer vessel balancing PTES system. He also showed that these mass
flow variations in the HR represent at most 0.62 [%] of the inflow mass flow rate
for a PTES system similar to the one described here. Therefore and for the sake of
simplicity, these mass flow variations are neglected and the mass flow rate in the

packed bed is assumed constant.

0 (2.14)

In order to validate this model, we compared it to the experimental results
of Hanchen et al. [40]. Results are shown on fig. 2.5 It can be observed that
the simulated profiles fit well with the experimental results. Fig. shows the

relative difference § = Zim=Tezr 1100 (%] between the simulated temperature and
exp

T,
the experimental results. As it can be seen, the maximum relative difference is 10.01
(%] and 88 [%)] of the results are in the +5[%] range. A possible explanation for

this small difference between simulated and experimental temperature can be the
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plug flow assumption inherent to our model. In the experimental setup of Hénchen
et al., the small size of the reservoir induces a ratio between reservoir diameter
and particles diameter % = 7.4 [-]. The plug flow assumption therefore introduces
inaccuracies because of wall effects (the plug flow assumption is only valid for
% > 40 [-] [40], which is the case of the PTES systems analyzed in the following
chapters). Hénchen therefore introduces a bypass flow close to the wall to account
for this effect. As an approximation, it is assumed that the bypass flow (by-)passes
the reservoir without thermally interacting with the packed bed. He achieved good
agreement between his numerical model and experimental results with a bypass
flow rate equivalent to 15 [%)] of the total mass flow rate. We therefore used the
same value for the validation of our model. However, due to the differences in
the two models, this value could be adapted to find better agreement between our
model and the experimental results. Furthermore, most models used to model the
temperature profiles in the packed bed reservoirs of PTES systems show similar
difference with these experimental results [36], 25], [14].

T —=Tmin

L e [
Tmax—Tmin
1.0 4 .
— Fluid
- —- Solid
0.8 .
! ® Experimental
\
0.6
0.4
0.2
004 TR 8T Tt
0.0 0.2 0.4 0.6 0.8 1.0

Figure 2.5: Comparison of the fluid and solid temperature profiles in the reservoir
with the experimental data from Héanchen et al. [40].
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Figure 2.6: Relative difference between the simulated temperature of the model
and the experimental results of Hénchen et al. [40]

The spatial step size Az = L and the time step At in eqand 9 both

have an influence on the resultlng temperature profiles. Fig. [2.7 shows the solid
temperature profiles after 4800 seconds of a charging process with the parameters
of Hanchen et al. [40], for values of n, = A%E ranging from 25 to 400. Fig.
shows the maximum relative differences of solid temperature and energy stored in
the packed bed material when doubling n,. For values of n, > 100, the maximum
relative difference in temperature and energy stored when doubling n, is less than
1 [%]. Therefore, n, = 100 is chosen as the default parameter for further analysis
and simulations in order to have relatively low computational times while keeping
relatively accurate results.

In the same way as the analysis on the influence of n,, fig. shows the
maximum relative difference of temperature and energy stored in the packed bed
material between the model with At in a range of 0.1 [s] to 240 [s] and the model
with At = 0.1 [s]. As it can be seen, in order to keep the relative difference below
1 [%], At should be kept below 100 [s].
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Figure 2.7: Fluid temperature profile in a packed bed reservoir for a charging
process with n, = 25, 50, 100, 200, 400 after 4800 [s] with the parameters of
Hénchen et al. [40].
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Figure 2.8: Max temperature and stored energy relative difference when doubling
Ng.
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Figure 2.9: Max temperature and stored energy relative difference for different At
compared with the case with At = 0.1 [s].

2.2.2 Compressors

The compressors are characterized by an isentropic efficiency. The isentropic
efficiency is defined in the usual fashion as the ratio between the compression work
of an ideal isentropic process and the compression work of the real process.

" o WC,is o hout,is - hzn
isC — —
WC hout - hzn

As it is explained in chapter [4] about the parametric analyses of the system,
the isentropic efficiency of the machines has a crucial impact on the round trip
efficiency of the system. As is shown, in some operating conditions, an isentropic
efficiency lower than 70 [%] would even result in a round trip efficiency of 0 [%)].
Hence, our model only considers turbo-machines, as their isentropic efficiency is
superior to that of other compressor types (volumetric machines rarely achieve a
isentropic efficiency of 70 [%] as explained by Dumont et al. [44]) .

2.2.3 Expanders

The expanders are, alike the compressors, characterized by an isentropic efficiency.
For an expander, the isentropic efficiency is defined as the ratio between the
expansion work of the real process and the expansion work of the ideal isentropic
process.

WE - hzn - hout

WE,is hm - hout,is

NisE =
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For the same reason as for the compressors, we only consider turbo-machines
for the expanders.

2.2.4 Off-design model of the machines

The system does not always operate at nominal conditions, especially at the start
or the end of the charge or the discharge processes as it is shown in the following
chapter (section . Therefore, the mass flow rates, compression/expansion
ratios, inlet temperatures and pressures of the compressors and the expanders
vary according to the operating conditions of the system, resulting in variations
of isentropic efficiencies. The off-design model of the machines used to model this
variation of the isentropic efficiency is taken from Wang et al. [45] and is the same
for both the expanders and compressors. This model is widely used in the literature
[25], 36], 38]. A performance map showing the ratio between the isentropic efficiency
and the nominal isentropic efficiency —2%=— for different normalized reduced mass

is,mom

flow rates g < (as defined at eq. [2.15)) and normalized compression/expansion ratios

[gn%is illustrated on fig. [2.10

For a given set of operating parameters, the off-design efficiency of a machine is
found by solving eqs. to where (3, is the pressure ratio, n. is the rotational
speed, G, is the reduced mass flow rate and 7, is the isentropic efficiency. The

subscripts d refers to the design values of the parameters.

. = = = mc Tc,in
GC = Gc/Gc,du Gc = 75 (215)
Pc,in
. o Ne
ne = nC/nC,da Ne = \/f’m (216)
ﬁc = ﬁc,d (Clncéz + C2ﬁch + Cg’f”LC) (217)
— . \2 nc ﬁc
Ne = Nea |1 = ca (1 = i)’ & (2 - Gc> (2.18)
‘= p(l—%)-&-;c(hc—m)Q
p—2mn2
€2 = p(l—@)—&-hc(zc—m)Q
_ ;(;Tl’flc—TrL?ﬁg) (219)
@ = p(1- 22 ) +nc(e—m)?
Cqy = 0.3

The values of m and p are set at m = p = 1.8. These values are chosen based
on the results of Wang et al. [45] who found them especially to fit single-shaft
radial compressor and radial micro turbine behavior and validated them with
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experimental results.

Although there are limits for a real machine (chock and surge lines), these are
not taken into account by the off-design model as it does not fit a specific machine.
However, as explained in the subsequent chapters using this off-design model, the
objective is to derive trends from the system when operating under non-nominal
conditions rather than accurately modeling its precise limits.

Examples of the performance maps of the machines for one of the cases presented
in chapter [f] are available in appendix [A]
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Figure 2.10: Normalized isentropic efficiency map at different normalized reduced
mass flow rate and normalized pressure ratio.

2.2.5 Heat exchangers

The heat exchangers HPHX and LPHX play an important role in the cycle. They
make it possible to control the temperatures at certain points of the cycle in order
to ensure a good operation of the latter.

During the charging process, as the hot front progresses in the HR, the outlet
temperature of the fluid T3 will rise. The HPHX allows to evacuate the excess heat
resulting from this increase and maintain a constant temperature at the inlet of
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the turbine. This allows to operate it close to its nominal conditions and keep a
low turbine exit temperature. As it is explained in section [4] about the impact of
the cycle temperatures on the round trip efficiency, keeping a low turbine outlet
temperature during charge is also beneficial for the round trip efficiency of the
system as it avoids degrading the performances of the discharge cycle.

During the discharging process, the HPHX allows to evacuate the heat gener-
ated by the irreversibilities of the compression and therefore keeping the HR inlet
temperature constant. The LPHX allows to evacuate the remaining heat of the
working fluid at the outlet of the turbine to return to the initial state of the fluid
and ensure a cyclic behavior.

In both the HPHX and LPHX, the heat transfer phenomenon is a rejection
of heat from the working fluid to the ambient. Since the HEX inlet and outlet
temperatures of the working fluid are known, and for the sake of simplicity, it is
considered that the heat exchangers are sized to meet the rate of heat rejection of
the working fluid but without doing the full sizing.

The heat exchangers are therefore only characterized by a relative pressure drop
Ap undergone by the working fluid:

Ap _ Pin — Pout (220)
DPin

The values of Ap in the analyses of the following chapters are based on values

taken from the literature as it is explained in the following chapter (section .
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CHAPTER 3

CYCLIC BEHAVIOR ANALYSIS

Key results from this chapter

At constant mass flow rate, the design case of 100 [kW]/6 [h] nominal
discharge power and duration achieves a round trip efficiency n,, =
32.7(%] and an energy density pg = 15.9[kWh./m?].

o When operated at constant mass flow rate, due to temperature varia-
tions at the tanks outlets, power output/input experience important
variations throughout the cycle and never reach nominal power during
discharge.

o The average discharge and charge powers are respectively 80.7 [kW]
and 247.2 [kW].

In this chapter, the performances of the Brayton-based packed bed PTES for a
given set of design parameters are analyzed. The cyclic behavior, its characteristics
and limitations are presented. Finally, an exergy analysis is carried out.

3.1 Performance metrics

In this section, some of the main performance metrics used in the upcoming analyses
are defined.

The first performance metric of interest is the round trip efficiency. It is defined

as the ratio between the total delivered energy during discharge Ey and the total
energy consumption during charge F., over a single charge-discharge cycle:
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o Edis _ fgd“ Pe,dc dt
IR = Ech B féc}l Pe,ch dt

The energy density is defined as the ratio of the energy delivered during discharge
to the total packed bed reservoirs volume:

(3.1)

Edis

e 3.2
Viur + Ver (32)

PE

The coefficient of performance of the heat pump or COP is defined as the

ratio between the useful energy provided to the HR and the required energy. As

it is explained later in this section, the variations of operating conditions during

the cycle lead to variations of performances. Therefore, the COP is defined as

the integral of the energy provided to the HR to required energy over the whole
charging process:

et Qg dt
COP = —; Jo™ Qur (3.3)
0 Wio = Wyrdt
The heat engine efficiency is defined as the ratio of useful work to energy
provided from the HR. For the same reason as the COP, the useful work and energy

provided are integrated over the whole discharging time:

Otdc meT — Wmc dt
vt Qup dt
The thermal energy density of a reservoir is defined as the ratio of its maximum

energy capacity (based on given minimum and maximum temperature values) to
its volume:

(3.4)

NHE =

vsl_EESTma:p_Tmin _
PEth = Pl ) ‘</ ) = ps(1 = €)¢s(Trmaz — Tinin) (3.5)

where ¢, is the average specific heat capacity of the solid material over the T},;, —
Tnae interval. The other parameters are defined in section about the modeling
of the packed bed reservoirs.

The thermal energy density of the whole system is defined as the sum of the
energy capacities of both reservoirs to the sum of their volumes.

3.2 Reference design

In order to keep consistency in our analyses and not confuse the reader, we have
chosen a reference design on which all the analyses of the following sections are
performed. Its main design parameters are shown in table
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Reference case Value Unit
Charge/discharge duration 6 hours
Rated discharge power 100 kW
Discharge compression ratio 6 -
Isentropic efficiency of compressors 80 %
Isentropic efficiency of expanders 85 %
Length-to-diameter ratio of HR and CR 1.5 -
Initial temperature of HR, Tiyit nr 25 °C
Initial temperature of CR, Tinit,cr 25 °C
Maximum temperature, 1., 560 °C
Working fluid Argon -
Pressure loss of LPHX 5 %
Pressure loss of HPHX 5 %
Solid thermal energy storage material Nonporous basalt -
Density of solid material, pq 3350 kg/m3
Specific heat capacity, cs 201-T(°C)+778.7| J/Kg-K
Average thermal conductivity, kg 2.177 W/m - K
Diameter of solid particles, d, 30 mm

Table 3.1: Reference case design parameters.

Charging and discharging times have been set at 6 hours. Indeed, one of the
potential applications of the battery is load shifting of renewable sources such as
PV panels. Steinmann [I8] and Tassenoy et al. [46] demonstrated that the optimal
charge/discharge time for PV coupling typically falls within the range of 6 to 10
hours.

The nominal isentropic efficiencies of the compressors and expanders are based
on the Turbec T100 properties from [47] that fit for this range of power, mass flow
rate and compression/expansion ratios. The characteristics of the machines of the
heat pump do not exactly correspond to those of the T100 (the temperature at the
outlet of the heat pump compressor for example is higher than the Turbec T100
compressor). However, due to the lack of an existing machine specifically designed
for this type of application, and under a conservative assumption, the isentropic
efficiencies are assumed to be equal to those of the T100.

The maximum temperature (heat pump compressor outlet temperature) is
set at 560 [°C]. This kind of temperature is relatively common in the literature
[25], 38, [48]. Although this is too high for the compressor of the Turbec T100 and
existing heat pumps, such temperatures can be achieved by modern aeroderivative
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turbine compressors [48, [7]. It is therefore conceivable that in the near future this
kind of temperature could be achieved in Brayton heat pump applications.

The pressure losses for the exchangers are based on the Turbec T100 recuperator
from the results of Laterre [49]. Indeed, although their role is different from the
latter, they are designed for the same range of mass flow rate and temperature
differences as this recuperator.

Concerning the sizing of the reservoirs, the minimum size of a reservoir can be
computed based on the input energy from the fluid during charging:

MepgtN

ps(1 —€)és

(3.6)

where 72 is the mass flow rate of the working fluid; ¢, , is the fluid average
constant pressure heat capacity over the temperature range considered in the
reservoir; ¢ty is the nominal charging time; p, the density of the storage material; €
is the packed-bed void fraction; ¢, is the average specific heat capacity of the solid
material.

As it is shown later in this chapter, oversizing the reservoirs allow to increase the
efficiency of the system by improving their thermal efficiency. However, oversizing
too much the reservoirs decreases the energy density and increases the capital
cost of the system. The size of the reservoirs is therefore set to be two times the
minimum size as done by Wang et al. [25].

Reference case Value Unit
Roundtrip efficiency, 7, 32.7 %
Coefficient of performance, COP | 1.28 -
HE effiency, ngyg 24.9 %
Mean charge power, P, ., 247.2 kW
Charge mass flow, 11, 1.25 kg/s
Mean discharge power, P, 4. 80.7 kW
Discharge mass flow, 74, 1.26 kg/s
Charged energy 1492 EW h
Discharged energy 487 kW h
HR volume, Vggr 10.2 m?
CR volume, Veg 20.5 m?
Energy density, pg 15.9 | kWhe/m?
Thermal energy density, pg 179.8 | kW hy,/m?

Table 3.2: Reference case output parameters and performances.
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Table shows the performances of the reference case when operated over a
complete charge-discharge cycle at a constant mass flow rate. The details of this
analysis are presented in the next section. As it is explained, the power is not
constant during the whole discharging process. This explains the fact that the
average discharge power is lower than the nominal power. This also explains why
the discharged energy is lower than the product of the nominal power and the
discharge time.

During the charging process, the LPHX heat exchanger is not present, meaning
that the pressure losses are lower than during discharge. Therefore, the required
mass flow rate is slightly smaller during charge than discharge. It can also be
observed that the mass flow rates, even though higher, are of similar magnitude
as those of the Turbec T100 (0.75 [kg/s][47]). This observation confirms that the
pressure losses in the HPHX and LPHX can be approximated to be similar to those
of the recuperator in the Turbec T100.

3.3 Cyclic transient behavior

As explained earlier in section [2.1] about the modeling of a packed bed PTES
system, due to the evolution of the temperatures in the packed bed reservoirs, the
thermodynamic properties of the working fluid such as temperature and pressure
vary over time. Therefore, the performances of the charging and discharging cycles
do not remain constant over time. This section aims to describe this cyclic transient
behavior for the reference design system over a whole 6h charging-6h discharging
cycle. Since the thermal storage is the component with the biggest thermal inertia
in the system, the thermodynamic cycle is considered in a quasi-steady state.

3.3.1 Thermal inertia behavior in the reservoirs

For a series of charging-discharging cycles, the temperature profiles in the packed
bed reservoirs after charge and after discharge do not remain the same due to
thermal inertia. The evolution of the temperature profiles in the HR for 10 cycles
is shown in fig. [3.1} As it can be seen, the profiles after each cycle are not the same
but tend to converge after several cycles. In order to analyze this convergence, we
can compute the maximum temperature difference and the maximum difference in
energy stored between a profile and the profile at the end of the previous cycle:

AT’N = ‘TN - TNfllmax (37)
Es ore - Es ore -
AE1stored,N = | : d’g, tored, N 1| (38)
stored, N
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The stored thermal energy in the solid material for a given temperature profile
is given by:

L T (z)
Estored - A(l - 6)/0 /T . CS(T)(T - Tmm) dT'dx (39)
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Figure 3.1: Evolution of the reference design HR charged and discharged tempera-
ture profiles from one to ten cycles.

Fig. |3.2a shows the decreases of ATy and AEjypreqn With the number of cycles
for the reservoirs of the reference design. For both reservoirs, the decrease of
ATy and AEgpreq,n is exponential with the number of cycles. As it is explained
later in this chapter, the state of charge of the battery is computed based on the
thermal energy stored in the HR (eq. . It is therefore decided to consider
the system cyclically stable when AFEgpreqn < 0.1[%] in the HR. In the reference
design case, this is achieved after 17 cycles. It can also be observed that after 17
cycles, AFEgorean < 0.1[%] in the CR and ATy < 0.1[°C] in both the HR and
the CR. The cyclic analysis of the system over a full charging-discharging cycle
therefore considers the discharged temperature profiles after the 17th cycle as the
initial reservoirs temperature profiles. The oscillations observed for large numbers
of cycles are most likely related to the tolerance limits of the numerical solver.
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3.3.2 Cyclic behavior

The system is operating at constant nominal mass flow rate and compression ratio.
This is done in order to keep the operating conditions of the compressors and
expanders as close as possible to their nominal design conditions. This approach is
widely used in the literature to analyze the cyclic transient behavior of packed bed
PTES and their performance [36] 25, [14], 50] as it also simplifies the operational
control strategy since operating at constant power instead of constant mass flow
rate is not always possible, as it is explained in chapter [5| about operational consid-
erations. However, with this kind of analysis, the powers and the total discharged
energy are a result of the other parameters of the system and not an input variable.

The transient powers, pressure ratios and isentropic efficiencies of the machines
as well as the pressures losses, inlet and outlet temperatures and temperature
profiles of the packed bed reservoirs during the charge-discharge cycle are all shown
on fig. [3.5l The initial and final temperature-entropy diagrams for both the
charging and discharging processes are displayed on fig. |3.3] The evolution of the
state of charge is shown on fig. [3.4, The SOC is defined such as to be 0% for an
energy stored in the HR corresponding to the initial temperature profile in the
reservoir (dashed red line in fig. . A SOC of 100% corresponds to an energy
stored in the HR with the charged profile of fig. [3.1] (red solid line). The SOC at
any moment t is computed based on the temperature profile in the HR:

Estored HR(T;S) - Estored HR(Tdischarged)
SOC(t) = ’ : % 3.10
( ) Estored,HR(Tcharged) - Estored7HR(Tdischarged)[ 0] ( )
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Figure 3.4: Evolution of the SOC during the charge-discharge cycle.
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During the charging process, the shaft power (or net electrical power, displayed
on fig. in absolute value) remains stable for the first few hours of the charge,
after what it gradually decreases. As the charge process proceeds, the cold front
in the CR progresses towards the outlet of the reservoirs as it can be seen on fig.
[3.5¢] After approximately 2 hours, the temperature at the outlet of the CR starts
to decrease, initially at a slow pace and subsequently accelerating (fig. . Since
the compressor is located directly after the CR in the charging process, the decrease
in CR outlet temperature results in a decrease of the compressor inlet temperature.
The compressor being set to operate at a constant pressure ratio, this results in
a decrease of the compressor outlet temperature. The outlet temperature of the
compressor also corresponds to the inlet temperature of the HR. This decrease can
therefore be seen on fig. Since the system is set to operate at constant mass
flow rate, this results in a decrease of the compressor power. The power at the
turbine however remains constant, resulting in a decreasing net shaft power.

Another interesting consequence of the decrease of the compressor outlet tem-
perature (HR inlet temperature) is the resulting temperature profile in the HR
after charge. As it can be seen on fig. this results in a bell-shaped profile near
the HR inlet.

The isentropic efficiency of the compressor also decreases due to the change
in inlet temperature. However, as it can be seen on fig. [3.51 the variation of
isentropic efficiency is only in the order of a few tenth of percent and has therefore
little influence on the system performance.

Due to the change in temperature in the HR and CR throughout the charging
process, the properties of the fluid in the reservoirs also vary. Therefore, the
pressure losses evolve throughout the charging process, as displayed in fig. [3.5b] In
the HR for instance, as the hot front progresses, the average temperature in the
tank increases. Therefore, the average density decreases and the pressure losses
increase as predicted by eq. 2.12] The opposite phenomenon happens in the CR. It
can also be observed that due to the relatively low mass flow rate, the pressure
losses in the reservoirs are only in the order of a few dozens of Pa. Consequently, the
pressure ratio in the expander remains relatively constant throughout the charging
process even though the inlet and outlet pressures slightly vary.
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Figure 3.5: Transient behavior of the PTES system.
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During the discharge phase, the inlet temperature of the turbine (HR outlet
temperature) initially shows an upward trend, followed by a subsequent decline.
This is a direct consequence of the temperature profile in the HR at the end
of the charge phase. Again, due to the relatively small pressure losses in the
reservoirs, the inlet pressure and pressure ratio of the turbine remains almost
constant. As a consequence, and since the mass flow rate is also set to be constant,
the isentropic efficiency and power of the turbine both follow the same trend as
its inlet temperature. On the compressor side, the inlet temperature (CR outlet
temperature) remains constant for the first half of the discharge. Subsequently,
as the hot front progresses and reaches the outlet of the CR, this temperature
shows an upward trend. Similarly to the turbine, since the inlet pressure, pressure
ratio and mass flow rate of the compressor all remain constant, the compressor
power follows the same trend as its inlet temperature. The isentropic efficiency of
the compressor exhibits a comparable yet inverse pattern, declining as the inlet
temperature rises. This is because an increase in the inlet temperature deviates
the compressor from its nominal operating conditions. As a result of the transient
powers of the compressor and turbine, the net shaft power first follows an upward
trend, subsequently followed by a decline.

The pressure losses in the HR and CR follow a similar yet inverse trend as in the
charging phase. As the cold front progresses in the HR, the average temperature
decreases leading to a increase of the average density and therefore to a decline of
the pressure losses. The opposite phenomenon happens in the CR.

3.4 Exergy analysis of the reference design

In this section, an exergy analysis of the reference system over a full cycle is
presented, in order to identify where the exergy losses are located. To facilitate
the analysis, the heat pump and heat engine cycles, as well as heat transfer within
the packed bed, are studied as separate subsystems of the system. Since the cycle
interacts with the ambient through the heat exchangers HPHX and LPHX, the
reference state for exergy computations is established at the ambient temperature
of 15 [°C] and atmospheric pressure.

Table [3.3| shows the exergy efficiencies of the various sub-systems. The exergy
efficiency is defined as the fraction of useful exergy output over the fraction of
exergy input of the sub-system. As it can be observed, the heat engine is the
subsystem with the worst performance.

Since we are studying a Power to Power system, the exergy efficiency of the
system is the same as the electrical efficiency. Indeed, the global exergy efficiency
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of the system is defined as follows:

o o Edis
Nex,overall = Mex, HP * Nex,HT * Nex, HE = B
ch

(3.11)

where Ney HpP, New 1P, Nex, 1P, Lais and E, are respectively the exergy efficiencies
of the heat pump, of the heat transfer in the packed bed reservoirs, of the heat
engine and the discharged and charged energies over the full cycle.

All the numerical values shown on the Grassmann diagrams of the following
figures are expressed as a percentage of the exergy supplied to the system, and
therefore in this case of electrical energy, since exergy is equal to energy in the case
of electricity. The numbering of the different states are shown on fig. [3.6]

Subsystem Exergy efficiency [%)]
Heat pump, 7ez. mp 72.7
Heat transfer through packed bed, e, nr 92.3
Heat engine, 7e, np 48.6
TOtala Tex,overall 32.6

Table 3.3: Exergy efficiency of the different subsystems
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Figure 3.6: T-s diagram with the numbering of the different states.
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3.4.1 Exergy analysis of the heat pump cycle

The various exergy losses of the heat pump cycle can be written as:

Lupux = men(€s.ecn — €6.ch) (3.12)

LEacpander - (66,ch - e4,ch) - WmT,ch - mch((e6,ch - e4,ch) - (hG,ch - h4,ch)) (313)

LCompressor = WmC,ch - <e2,ch - 61,ch> = mch((h2,ch - hl,ch) - (62,ch - el,ch))

] Heat to HR
59.5
Electricity inpu 72.7
100 Compressor
He CR
13.2
10.5 —
HPHX Compressor loss [
26— 273
38.5 L
— Exergy lost/destroyed
Expander
142 Expander loss

52.7

Figure 3.7: Grassmann diagram of the heat pump cycle (exergy is expressed as a
percentage of the initial exergy).

3.4.2 Exergy analysis of the packed bed heat transfer

The heat transfer through packed beds leads to different types of exergy losses:
pressure losses, conductive losses, convective losses and wall losses [36]. As explained
in section the walls of the reservoirs are considered perfectly insulated,
therefore neglecting losses through them. In this study, the distinction between
the various types of losses is not explicitly made, and they are collectively treated
as a single overall loss for each tank. These losses are calculated using an exergy
balance, as the difference between the output exergy of the fluid during discharge
and the input exergy of the fluid during charge:

LHT,HR - mdc * (64,dc - el,dc) - mch * (64,(:]1 - el,ch) (315)

Lurcr = Mace * (€2,dc — €3.dc) — Meh * (€2,0n — €3.ch) (3.16)
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Figure 3.8: Grassmann diagram for the heat transfer inside the packed bed reservoirs
(exergy is expressed as a percentage of the initial exergy).

3.4.3 Exergy analysis of the heat engine cycle

The various exergy losses of the heat engine cycle are shown below:

Lupux = mac(€s.dc — €3.4dc) (3.17)
Lipux = Mac(€s,de — €1,dc) (3.18)
Lgspander = Wintde — (€2.4c — €s.4e) = Mae((Rage — hs.ge) — (€2.4c — €5.40))  (3.19)
Leompressor = Wincide — (€6.de — €ade) = Mac((he.ge — hage) — (€6.4c — €a.dc))
(3.20)

Electricity output

Heat from HR Expander

67.1

Exergy lost/destroyed
Heat from CR

Figure 3.9: Grassmann diagram of the discharging cycle (exergy is expressed as a
percentage of the initial exergy).
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PARAMETRIC ANALYSIS

Key results from this chapter

 The initial temperatures of the packed bed reservoirs (inlet temperatures
of the heat pump machines) have a significant impact on the round
trip efficiency and should both be set close to ambient temperature.

o For a1 [%] drop of isentropic efficiency of expanders and compressors,
the round trip efficiency is reduced by 2.64 [%].

« The length-to-diameter ratios and particle diameter d, of the packed
bed reservoirs have an important impact on the heat transfer efficiency
and the pressures losses inside them.

o The impact of the /D ratio on the round trip efficiency is not significant.
An optimization of d, can bring a slight gain.

o Air should be preferred as working fluid over argon, given its similar
performances (nrr=32.0[%)] vs 32.7[%]), lower cost and easier operation.
Helium should be avoided given its poor performances (nrr=19.5 [%]).

o Uncertainties about bed properties do not play a significant role in the
round trip efficiency uncertainty.
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4.1 Temperatures

In this section the impact of the cycle temperatures on the performance of the
PTES system is analyzed. It is first important to analyze which temperatures can
be chosen as design variables and which ones are a result of the other variables.
In order to get a better understanding of the following analysis, fig. shows
the temperature-entropy diagram of both the charging and discharging cycle .
When looking at the charging cycle, three temperatures can be chosen as design
variables: the temperature at the inlet of the compressor T3 (corresponding to the
initial temperature of the CR), the temperature at the outlet of the compressor T
(corresponding to the temperature at the inlet of the HR) and the temperature at
the outlet of the HPHX Tj, corresponding to the initial temperature of the HR.
The temperature T3 at the outlet of the HR will varies throughout the operation
of the system owing to the displacement of the thermocline inside the HR. The
temperature Ty at the outlet of the turbine is a result of the temperature Ty and
the turbine’s pressure ratio (fixed by the compressor pressure ratio and the pressure
losses in the system) and isentropic efficiency.

Temperature (°C) 2 2
. »
Charging 7! //'\‘
500 A - ) )
"\ Discharging
400 1 A0 \
// // ll
HR & et i *‘
300 A et
‘ e JRe ‘l \“
-, -7 1 \
200 RVie
HPHX ‘3/ - i \b
10071 L Yt P T
(/’,1*‘;’6' "r,/’
0 \\ 3, 1 /‘_,z’ 1=1 LPHX
/ %Y
—100 - \)‘ I CR
4 =4
34'00 3 5'00 3 6'00 3 7'00 38'00 3 9'00 40'00
Entropy (J/kgK)

Figure 4.1: Temperature-entropy diagram during the charging and discharging
processes. The red and blue arrows indicate a heat flux to/from a packed bed
reservoir or the ambient in the case of the HPHX and LPHX during charge and
discharge respectively.

During the discharging process, the temperatures 7, and 75 are decided by
the outlet temperature of the CR and HR respectively. The outlet temperatures
T¢ and T? of the compressor and the turbine are respectively a result of the
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inlet temperatures 7T and T3, the pressure ratios and the isentropic efficiencies of
the machines. The temperatures 7] and T} are set to be equal to the charging
temperatures T} and Ty in order to ensure a cyclic operation of the system. Indeed,
the discharge temperature 77 corresponding to the inlet temperature of the CR
sets the temperature of the CR at what will be the outlet of the CR during the
following charging process, therefore deciding the temperature T of the latter.
Therefore, the temperatures of the discharging cycle are all resulting from other
variables such as the charging cycle temperatures, the isentropic efficiencies of the
machines, the compression ratio and the pressure drops in the packed bed reservoirs
and the heat exchangers. The three design temperatures are therefore the inlet
and outlet temperature of the compressor during charge 7T} and 7T, and the initial
temperature of the HR T§.

Fig. shows the impact of the temperatures 73 = 7] and Ty = T4 on the
round trip efficiency, COP of the HP, efficiency of the HE and temperature-entropy
diagrams of both the HP and HE cycles. As a reminder, as explained in section
about the performance metrics, the COP /efficiency are the mean values integrated
over the whole charge/discharge process. As it can be observed, increasing both
Ty and T results in a decrease of the round trip efficiency. Since the round trip
efficiency is directly proportional to the product of the COP of the HP cycle and the
efficiency of the HE cycle, this trend can be explained by looking at the variation
of the two latters with 77 and T.

As it can be seen, increasing Ty decreases the COP of the cycle. On the contrary,
increasing 77 results in an increase of the COP. The other important consequence
of an augmentation of 77 is the resulting augmentation of T, owing to the reduction
of the compressor pressure ratio. Indeed, since T is considered constant whatever
T, increasing 17 results in a decrease of the pressure ratio as it can be seen on fig.
d.2d

Concerning the HE cycle, increasing 75 = Tg results in a decrease of the
efficiency. Increasing the temperature 7 also results in a decrease of the HE
efficiency. However, this is not in direct consequence of the increase of 77 in the
HE cycle but results from the increase of T in the HP cycle. As explained earlier,
the temperature 7y of the HE cycle is equal to the temperature T} of the HP cycle.
Therefore, the increase of Ty with 77 in the HP cycle results in a similar increase
of T} in the HE cycle, resulting in a decrease in efficiency of the latter.

It can therefore be concluded that minimizing both T} = 7] and Ty = T3 is
beneficial for the system round trip efficiency. However, in the HE cycle, these
temperatures correspond to the outlet temperature of the LPHX and HPHX
respectively. Since the exchangers operate with ambient air, these temperatures
can not be realistically lowered below the ambient temperature.
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Figure 4.2: Impact of the temperatures 7} and Ty on the system performance.
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Fig. 4.3 shows the impact of temperature 75 = T on the round trip efficiency,
COP of the HP, efficiency of the HE and temperature-entropy diagrams of both
the HP and HE cycles. Again, since the COP of the HP and efficiency of the
HE both vary throughout the charging and discharging processes, the displayed
values are the average values over a whole charging/discharging cycle. As it can be
observed, increasing Ts is beneficial for the round trip efficiency. Again, this can
be understood by looking at the impact of T, on the HP and HE performances.

In the case of the HP cycle, increasing 15 results in a decrease of the COP. It
can also be observed that increasing 75 results in a decrease of T}, unlike the case
of the previous analysis on the impact of T}.

On the contrary, the increase of T, shows to be very beneficial for the efficiency
of the HE cycle, because of the increase of Ty itself but also as a result of the
decrease of T, owing to the increase of T3 in the HP cycle.

It can therefore be concluded that increasing the temperature 7o = T is
beneficial for the round trip efficiency. However, this temperature corresponding
to the outlet temperature of the compressor in the HP cycle, it is limited by the
maximum outlet temperature of the machine.
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Figure 4.3: Impact of the temperature 75 on the system performance. The other
temperatures are set is in the reference design.
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4.2 Isentropic efficiency impact on the roundtrip
efficiency

In an attempt to understand in more detail the impact of the machines’ isentropic
efficiency, the impact of the isentropic efficiency on the round trip efficiency in our
reference design case is studied by setting the same isentropic efficiency for all the
machines both at charge and at discharge.
The model (fig. shows a strong linear dependence between the isentropic
efficiency and the round trip efficiency. For a 1 [%] variation of isentropic efficiency,
the round trip efficiency varies by 2.64 [%]. This analysis shows the critical impor-
tance of having compressors and expanders that have high isentropic efficiencies in
a Brayton-based PTES system.

The round trip efficiency drops to 0 [%] for isentropic efficiencies below 70 [%].
We therefore confirm that only turbo-machines are suitable for our application.

On figs. [4.5a] and [£.5D] the influence of the machines’ isentropic efficiencies
on the COP of the HP cycle and the efficiency of the HE cycle can be seen. The

theoretical Carnot limits based on the cycle temperatures are located at 1.558 [-]
for the COP and 64.17 [%)] for the HE efficiency.

Roundtrip efficiency [%]
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Figure 4.4: Effect of isentropic efficiency on the roundtrip efficiency
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Figure 4.5: Impact of the isentropic efficiency on (a) the HP COP (b) the HE
efficiency.

4.3 Compression ratios

Fig. [4.6] shows the influence of the discharge compression ratio on the round trip
efficiency for the reference design. Since the latter has no influence on the HP cycle,
this trend actually reflects the impact of the compression ratio on the efficiency
of the HE cycle. As expected for a Brayton cycle, the efficiency first rises as the
compression ratio increases and reaches an optimum, subsequently decreasing for
higher compression ratios. The optimum is found for a compression ratio g = 4.8
[-] with a round trip efficiency nrr = 33.15[%].

As the charging compression ratio is not a design variable but a result of the
compressor inlet and outlet temperatures and isentropic efficiency (the three latter
being design variables), its influence on the system performances is not analyzed
directly but can be deduced from the analysis on these temperatures.
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Figure 4.6: Influence of the discharge compression ratio on the round trip efficiency.

4.4 Parametric analysis on the reservoirs design
parameters

The design parameters of the packed-bed reservoirs also influence the performance
of the PTES system. In this section, the impact of these parameters is analyzed in
order to determine which ones are important to optimize.

The system can be decomposed into two subsystems: the reservoirs which are
modeled on the basis of the heat transfer and the rest of the cycle which considers
the reservoirs as "black-boxes" with inlet and outlet temperatures and pressures.
We therefore first analyze the important parameters that have an impact on the
heat transfer inside the packed-bed reservoirs. We then look at the overall system
to analyze the impact of these parameters on the system’s overall performances.
As the volume of the reservoirs are fixed and calculated according to the desired
power and energy, their length and diameter can not be chosen independently. This
L/D ratio can nevertheless be varied.

So for the reservoirs, two design parameters have to be studied, namely the choice
of the length-to-diameter ratio L/D and the choice of the particle diameter d,,.
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Figure 4.7: Design variables for reservoirs

When looking at the impact of these parameters on the heat transfer inside
the reservoirs, the performance of the packed bed during charge and discharge can
be expressed by the thermal efficiency. The overall energy balance in the control
volume containing the reservoirs shown on fig. between charge and discharge
gives:

Einput,charge - Estored + Eloss,emit,charge + Eloss,wall (4 1)
Estored = Eoutflow,discharge + Eloss,wall

As explained in chapter 2] about the modeling of the reservoirs, the walls are
considered perfectly insulated and therefore Ejygs o = 0.
The energy of the input and output flows is given by:

. tcharge/discha'rge Tf,in/out(t)

E’input/output = mf/ / Cp(T) dT dt (42)
0 Tro

The thermal efficiency is defined as the ratio between the energy extracted from

the reservoir during discharge and the input energy of the fluid during charge:

Eoutflow
7 —— 4.3
! Einput ( )
A low value of 7, indicates an ineffective heat transfer or energy lost by hot

fluid leaving the reservoir.
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Figure 4.8: Energy balance inside a packed bed reservoir from S. Sava [14]

4.4.1 Length-to-diameter ratio impact on the heat transfer

The physical dimensions of the storage tanks are one of the design parameters that
have an impact on the heat transfer inside them. By playing on the length-to-
diameter ratio (L./D) of both reservoirs, the impact of the latter on the thermal
efficiency and on the pressure losses can be analyzed. The results shown on the
following figures are again for the reference design case.

Efficiency [%]

90 4 Pressure losses [%]

8

89
88 5
87

86 1

854 01

LD [ L/D[]

Figure 4.9: (a) Impact of L/D ratio on the heat transfer efficiency (b) on the
pressure losses (CR reservoir - end of discharge)

It can be observe on figs. [£.9a] and [4.9b] that the efficiency and the pressures
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losses increase with the L /D ratio.

Indeed, increasing the L/D ratio while keeping the volume constant results in a
decreasing cross-sectional area and therefore higher flow velocities and mass flow
rate per unit area (G. This results in a better heat transfer coefficient as predicted
by eq. [2.3] resulting in a better heat transfer and a steeper thermocline inside the
reservoirs, therefore decreasing the exit losses of eq. [£.1]

However, as increasing the L/D ratio increases both G and the length of the
reservoir, this results in higher pressure losses as predicted by eq. [2.12]

Therefore a trade off will have to be found based on the round trip efficiency
in order to limit the pressure losses while having a good thermal efficiency in the
reservoirs.

4.4.2 Length-to-diameter ratio impact on the round trip
efficiency

In order to optimize the L/D ratio to get the best round trip efficiency, we can try

varying independently the L/D ratios of the two tanks and try to optimize them.

This is done while keeping the volumes of the reservoirs constant at the values of
the reference design, Vg = 10.21[m?] and Vpr = 20.49[m?].

L/D ratio for HR [-]
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Figure 4.10: Round trip efficiency for different L/D ratios of the HR and CR. The
red cross marks the optimum.
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On fig. [4.10] it can be seen that there is an optimum at L/D HR= 9.8 [-] and
L/D CR= 4 |-]. However, the optimum for the HR is probably overestimated.
Indeed, one of the main hypothesis of the Schumann equations is that the fluid
flow is a 1D Newtonian plug flow, therefore allowing the neglect the wall effects in
the equations. The condition for which this assumption remains valid is d% > 40 [-]

[40]. If we calculate the maximum L/D ratio for d, = 30 [mm] we obtain:

224O—>D21.2[m]
dp
L7D3
=10.21[m%) = =——
L 40.84
~)mar — 2 — - 2|—
(Fhmae = — = 7.52/-]

The 1D Newtonian plug flow is therefore not valid for L/D HR = 9.8 [-] and the
optimum value is probably lower, between 7.5 and 9.8.

Since the pressure drops in the HR are very small and given the findings of the
subsection m, it is not surprising to see that the L/D ratio for the HR is larger
than for the CR. Indeed, the gain brought by the increase in length outweighs the
losses due to pressure drops for L/D ratios below 10.

It should be noted that the maximum gain compared to the reference case is
only a little more than 1 [%)] for reservoir choices that can be quite restrictive.
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Figure 4.11: (a) Energy input [kW h.]| for different L/D ratios (b) Energy discharged
[EW h,] for different L/D ratios
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On figs. [4.11a] and [4.11D] we can see respectively the energy input and the
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energy output for each ratio. As it can be observed, the HR L/D ratio has almost
no influence on the input energy. This phenomenon can be attributed to the fact
that the input energy is affected by the power of the compressor during charge. The
compressor power, in turn, is influenced by the variations in the outlet temperature
of the CR and, consequently, its length-to-diameter (L/D) ratio. However, the
outlet temperature of the HR has no impact on the charging power since the working
fluid always releases excess heat from the outlet of the HR in the high-pressure
heat exchanger (HPHX) to maintain a constant turbine inlet temperature.

Concerning the output energy, The HR and CR both have an impact on the
output power profile as their respective outlet correspond to the inlet of the turbine
and the compressor.

It is important to keep in mind that these analyses take into account perfect
insulation of the reservoirs and therefore zero wall losses. Results may differ slightly
in reality. Indeed, as the surface-to-volume ratio changes with the L/D ratio,
parietal losses would also vary.

4.4.3 Impact of the particle diameter on the heat transfer

Fig. [4.12) shows the impact of the particle diameter d, on the temperature profiles
of the packed bed material during a charging process.

As it can be seen on figs. [4.12][4.13a][4.13b| d, has a non-negligible impact on the
behavior of the temperature profiles and on the behavior of the packed-bed.

In fig. [4.13a] we see that a smaller particle size will increase the thermal efficiency
between the fluid and the packed bed (especially by increasing the volumetric heat
transfer coefficient h, in eq. , resulting in a steeper temperature profile as it
can bee seen on fig. [4.12

On the other hand, the pressure losses inside the CR increase rapidly as the particle
diameter decreases. The displayed pressure losses of the CR are the pressure losses
at the end of the discharge, because due to the higher fluid velocity owing to the
lower pressure, they are bigger than in the HR and also reach their maximum at
the end of the discharge. The impact of the particle diameter is therefore easier to
visualize. We can see that they are quite small compared to those present in the
HPHX and LPHX exchangers (below 2 [%] against 5 [%] for the heat exchangers).
Thus a trade-off between a better efficiency and low pressure losses should be
performed to optimize the system. To perform this trade-off, it is necessary to
study the influence of the particle diameter on the round-trip efficiency, as done in
the next subsection.
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Figure 4.12: Charged and discharged temperature profiles of the solid material
inside the HR for different particle diameters: d, = 5 [mm] and d, = 50 [mm)].
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Figure 4.13: Impact of the particle diameter on (a) the thermal efficiency (b) the
pressure losses (CR reservoir - end of the discharge).
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4.4.4 Impact of the particle diameter on the round trip
efficiency
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Figure 4.14: (a) Impact of the particle diameter on the round trip efficiency (b)
Optimum particle diameter for different L/D ratios.

If we look at the impact of the particle diameter on the round trip efficiency, we
can see that for the design case (L/D ratio = 1.5) and for a small L/D ratio, there
is an interest to work with small particle (under 5 [mm]| in theory). As we work
at low power (100 [kW]) we have relatively small mass flows rates (0.5-2 [kg/s|).
The pressure drops in the tanks are therefore relatively small, allowing to work
with small particles. If the L/D ratio are increased, the pressure losses increase as
shown in the previous analysis. Due to this increase, the pressure losses for small
particles become too high and the cycle efficiency deteriorates. The optimum for
d, increases with the increase of the L/D ratio, as shown on fig.

In view of the very small size of the particles (optimal d, around 5mm for the
reference case) we can ask ourselves if eq. of the pressure losses inside the
packed bed is still valid for this size of particles. According to the work of Li [51],
it can be concluded that the pressure losses are underestimated when dealing with
non-perfectly spherical particles within this size range, which is likely the case in
reality. It is therefore necessary to calculate an equivalent diameter according to
the shape of the particles so that eq. correctly assess the pressure losses [51].
The optimum found is therefore probably overestimated and the real optimum will
be for particles a little larger than those found by our optimization.

It should be noted that the variation in round trip efficiency is of the order of 3
(%] over the d, ranges considered. The gain is therefore interesting in view of the
ease of particle size selection.
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All these conclusions about the L/D ratio and d,, analysis are in agreement with
the work of Sava [14] and Zhang et al. [36].

4.5 Choice of working fluid

The choice of working fluid used also has an impact on the system performance.
From the literature, mainly three different fluids have been studied and proposed:
argon, helium and air. In this section, the impact of these three fluids is studied
for the reference design case.

The fluid properties are evaluated with the CoolProp library [42]. The properties
at 25 [°C] are shown in table [4.1] as well as the round trip efficiency obtained with
each of the studied fluids. As it can be seen, argon and air yield similar round trip
efficiencies while the use of helium results in a poor efficiency, lower than 20 [%)].

As the heat capacity of helium is approximately 10 times higher than that of
argon, the mass flow rates required in the cycles are about 10 times lower. This
results in a very low heat transfer coefficient between the working fluid and the
packed bed material as it can be seen in table [4.1} The volumetric heat transfer
coefficient is defined in eq. in chapter 2] As a result, the thermoclines inside
the reservoirs have a very "flat" profile and the temperatures at the outlet of the
reservoirs (inlet of the machines) experience big variations. Fig. shows the
CR/HR outlet temperatures during charge/discharge when using air, argon or
helium.

As previously explained in this chapter, these variations of reservoirs outlet
temperature lead to poor HP COP and HE efficiency, leading to a poor round
trip efficiency. For the case of air, the mass flow rate and therefore the heat
transfer coefficient is lower than with argon, but still remains high enough to avoid
degrading too much the performances.

These findings contradict the trends observed in the literature concerning large-
scale systems. Indeed, in most of the studies, helium was found to be the working
fluid yielding the best efficiency. Wang et al. [25] found a round trip efficiency of
56.9 [%] with helium and 39.3 [%] with argon for a 10 [MW]/4 [h] system. Zhao
et al. [52] arrived to similar conclusions for a 10 [MW]/6 [h] system. For these
large-scale systems, the mass flow rates are way higher than for the small-scale
design studied in this thesis. For his 10 [MW]/4 [h] design for example, Wang
et al. considers a mass flow rate of 85.1 [kg/s| when working with argon and 8.6
[kg/s] when working with helium. With such mass flow rates, the problematically
low heat transfer coefficient is avoided. Furthermore, since the pressure losses in
the packed bed reservoirs become relatively important for mass flow rates of this
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order, working with helium yields a better efficiency as it considerably reduces the
pressure losses in the packed bed reservoirs compared with argon.

Another interesting observation is that the round trip efficiency with air is only
a few tenths of percent lower than with argon. As it is cheaper, more available
and gas leakages and infiltrations to/from the outside of the system would have
practically no impact on the performances, air seems a more suitable fluid than
argon. Frate et al. share the same conclusions [12].

Fluid | Heat capacity ¢, s [J/KgK] | Density p [kg/m?] | Mass flow rate [kg/s] | h, in HR [W/m®K] | Round trip efficiency n,¢ [%]
Argon 521.55 1.63 1.26 4858 32.7
Helium 5193.20 0.163 0.13 850 19.5

Air 1006.31 1.18 0.64 2855 32.0

Table 4.1: Fluid properties, mass flow rate, heat transfer coefficient and round trip
efficiency for Argon, Helium and Air.

Temperature (°C) Temperature (°C)
20 { Argon

107 4754

Helium 4501

0 1 2 3 4 5 6 0 1 2 3 4 5 6
Discharge time (h) Discharge time (h)

(a) CR outlet (compressor inlet) tempera- (b) HR outlet (turbine inlet) temperature
ture during charge. during discharge.

Figure 4.15: CR/HR outlet temperatures during charge/discharge when using
argon, air and helium.

4.6 Uncertainty Quantification

All systems are subject to uncertainties. In order to have a plausible estimate of
the real performances of the system, it is essential to investigate the uncertainties
associated with each design parameter and quantify their respective impacts.

In this section, we therefore study the uncertainties in the performance and pres-
sure losses within the exchangers as well as the uncertainty in the cycle performance.
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In the Schumann eqgs. (2.1)) and (2.2)), several parameters can have uncertainties.

First, the fluid properties (p,c,,k) are well known and evaluated with CoolProp
[42] at each time and space step so the uncertainty of these parameters can be
neglected. Solid properties on the other hand are subject to many uncertainties.
Basalt is used for the nominal design packed bed material and the properties are
taken from Zhang et al. [38]. The properties of basalt can vary in different ways.
The source of the basalt has an influence on its properties: for example, basalt
from Germany does not have the same properties as basalt from Austria [53]. Then,
within a batch of basalt, the particles do not all have the same size [54]. The
properties also undergo changes over time as the material goes through a certain
amount of cycles during which it is alternatively heated and cooled over wide
temperature ranges [53].

The void fraction € and the volumetric heat transfer coefficient A, both depend
on other parameters such as the solid particle diameter d,,. It is therefore considered
that any uncertainty on these parameters come from the other parameters and
their uncertainty is not evaluated directly.

Finally, the pressure losses inside the HPHX and LPHX are also subject to
uncertainties.

Table .2 shows the nominal values and related uncertainties of the parameters
that are subjects to uncertainties.

Parameter Nominal value Absolute uncertainty | Source for value - uncertainty
Compressor isentropic efficiency 80 (%) +/- 3 %] [47] - [55)
Expander isentropic efficiency 85 (%] +/- 3 (%] A7) - [B5)
Particle diameter (d,) 30 [mm] +/- 2 [mm)] [38] - [56]
HX pressure losses 5 (%] +/-0.0025 %] [49] - |57
Bed thermal conductivity (k) 2.177 [W/mK] +/- 30 [%] [38] - [53]
Bed specific heat capacity (c,) | 2.01 % (T —273.15) + 778.7 [J /kgK] +/- 30 [%)] [38] - 53]
Bed density (p) 3350 [kg/m®] +/- 30 (%) [38] - [53]

Table 4.2: Nominal value and linked uncertainty of uncertain model parameters.

4.6.1 Uncertainty analysis on the packed bed heat transfer

The impact of the uncertainty of the packed bed parameters on the uncertainty
of the thermal efficiency (eq. {4.3) as well as on the pressure drop are studied.
Since some parameters such as the isentropic efficiency of the machines could
significantly influence the inlet and outlet temperatures and pressures of the tanks,
the uncertainties of the 4 physical parameters related to the bed (ps, ¢,, d, and k;)
are the only ones considered.
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The analysis is divided into 2 cases. Case 1 considers the same uncertainties as
those listed in table
In case 2, the uncertainty on the thermodynamic properties of the packed bed is
reduced to +/- 10 [%]. According to the results of Knobloch et al. [53], this case
corresponds to a stabilization of the thermodynamic properties of the packed bed
after a certain amount of cycles.
The Sobol indices related to each parameter are shown in table They indicate
the effect of the uncertainty of each parameter on the uncertainty of the reservoir
thermal efficiency. Since the analysis takes into account 4 parameters, the relevance
threshold is set at 1/4 = 0.25 and the uncertainty related to the parameters in red
can be considered as negligible.

Parameter Sobol index for case 1 | Sobol index for case 2
Solid material density (p) 0.468675 0.304130
Solid material specific heat capacity (c;) 0.468041 0.303335
Particle diameter (d,) 0.067140 0.393260
Solid material thermal conductivity (k) 0.000024 0.000001

Table 4.3: Sobol indices of the parameters related to the thermal efficiency of the
reservoirs.

It can be seen in table that in case 1, the uncertainty on the density and

on the heat capacity of the packed-bed explains almost all the uncertainty on the
thermal efficiency.
In case 2, on the other hand, the uncertainty on the particle diameter plays a
greater role, contributing more than the density or than the heat capacity for a
fairly small variation (+/- 2 [mm)]) in particle size. In both cases the uncertainty
on the thermal conductivity does not influence the uncertainty on the heat transfer
efficiency.
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Figure 4.16: (a) PDF for heat transfer efficiency (b) CDF for heat transfer efficiency

Figs. and respectively show the PDF and CDF of the thermal
efficiency. As the uncertainties are reduced in case 2, the distribution is more
spread out than in case 1.

The means and standard deviations for cases 1 and 2 are respectively equal to
= 94.921[%], o = 0.3511[%] and p = 94.902[%], o = 0.1414[%].

The second uncertainty study focuses on the pressure losses for which the Sobol

indices are shown in table [£.4] and the PDF and CDF are shown on figs. and

respectively.

Parameter Sobol index for case 1 | Sobol index for case 2
Bed density (p) 0.487484 0.364839
Bed specific heat capacity (c,) 0.487155 0.364857
Particle diameter (d,,) 0.040064 0.272663
Bed thermal conductivity (k) 0.000007 0.000001

Table 4.4: Parameter’ Sobol indices for pressures losses
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Figure 4.17: (a) PDF for pressure losses (b) CDF for pressure losses

The pressure losses inside the CR are evaluated at the end of the discharge,
when they are maximum. It can be seen that the pressure losses are very small,
as it is already shown in section The conclusions on the pressure losses are
identical to those on the thermal efficiency except that the uncertainty on the
particle diameter is not the one that has the greatest impact in case 2.

The means and standard deviations for cases 1 and 2 are respectively equal to

= 0.0912[%], o = 0.0228]%] and p = 0.0912[%], o = 0.0008[%].

4.6.2 Uncertainty analysis on the round trip efficiency

In this section, the impact of the parameters uncertainties on the uncertainty of
the round trip efficiency is studied. The uncertainties considered for this analysis
are summarized in table [£.2] Since the analysis takes into account 7 parameters,
the relevance threshold is set at 1/7 = 0.14. The parameters in the red part of the
table are the one for which the Sobol indices are lower than this threshold. The
uncertainty related to these parameters can be considered as negligible.
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Parameter Sobol index
Expander’s isentropic efficiency 0.733511
Compressor’s isentropic efficiency | 0.154342
Bed density (p) 0.007828
Bed specific heat capacity (c,) 0.007763
HX pressure losses 0.001552
Particle diameter (d,,) 0.000797

Bed thermal conductivity (k) 0

Table 4.5: Parameter’ Sobol indices

It can be seen that only 2 parameters influence the uncertainty of the round
trip efficiency in an important way, the isentropic efficiency of the expanders and
the isentropic efficiency of the compressors. Reducing the uncertainty on these
parameters would allow to consolidate the estimation of the round trip efficiency.
The uncertainty on the isentropic efficiency of the expander is more significant than
the uncertainty on the isentropic efficiency of the compressor. Fig. shows that
a variation of the isentropic efficiency of the expander has a stronger impact on the
round trip efficiency than the efficiency of the compressor. Therefore, for the same
uncertainty, the impact of the uncertainty of the expander isentropic efficiency
on the uncertainty of the round trip efficiency will be greater. The isentropic
efficiencies of the compressors and expanders are both set at 85 [%] on fig. for
a better visualization.

We can also see that the uncertainty on the thermodynamic properties of the
cycle does not influence the uncertainty on the round trip efficiency. Only the
uncertainty related to the machines have a significant influence. We can therefore
conclude that no matter how uncertain the behavior of the packaged bed is, it will
not influence the uncertainty on the round trip efficiency.
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Figure 4.18: Effect of machine isentropic efficiency on round-trip efficiency when
one is fixed at reference point and the other changes
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Figure 4.19: (a) PDF for roundtrip efficiency (b) CDF for roundtrip efficiency

Figs. 4.19a] and [4.19b| show the PDF and CDF for the heat transfer efficiency.
The means and standard deviations for the roundtrip efficiency are equal to :
= 32.82[%] and o = 3.41[%).
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CHAPTER b

OPERATIONAL CONSIDERATIONS

Key results from this chapter

o In the reference design case, the part load capabilities of the system
during charge are strongly limited by the off-design behavior of the
machines.

o When trying to operate at constant nominal power during discharge,
the system is only able to maintain the nominal power during 38.7 [%)]
of the time. This limitation arises from the decrease of the turbine
inlet (HR outlet) temperature.

e Oversizing the reservoir or increasing their length-to-diameter ratio
improves the discharge time operated at nominal power to respectively
62.9 [%] and 52.9 [%].

o Keeping the compressor outlet temperature constant during charge, by
either varying the compression ratio or warming the fluid at the outlet
of the CR, leads to improved discharge times operated at nominal
power of 60.5 [%)] and 56.5 [%)] respectively.

o For incomplete charge cycles, the round trip efficiency is improved.
The time operated at nominal power during discharge is improved for
charge-discharge durations of 3h and longer.
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In the previous chapter, the cyclic analysis of the PTES system is carried out
with a constant mass flow rate. As explained, this approach is widely used in the
literature. Some of the advantages are that it greatly simplifies the operational
aspect and the machines operate close to their nominal design conditions. However,
the resulting charge and discharge power profiles are dependent of this mass flow
rate and the other system parameters and can not be chosen. Furthermore, due
to the variations of cycle temperatures owing to the variations of temperatures
at the inlet/outlet of the reservoirs, the powers are not constant. However, if the
battery is to be used for load following or to accept surplus power from a constant
production source, it must able to operate at a constant set power and vary this
set power accordingly to the load.

The lack of research about the operational control strategy of the system
was already highlighted in the literature, e.g. by Frate et al. (2021) [48] and
most recently by Zhang et al. (may 2023) [58]. In this chapter, an analysis of
the cyclic performance of the system with set power profiles and varying mass
flow rate is carried out. The power limitations resulting from the operating
conditions throughout the cycle are described. The resulting limitations on the
system flexibility and performances are subsequently presented. An analysis of the
parameters that can play a role in improving the output stability is then carried
out. Finally, the incomplete charge/discharge capabilities and performances of the
system are investigated.

5.1 Power limitations related to operating condi-
tions

For a HP or HE cycle, the shaft power (in absolute value) is simply given by the
product of the mechanical work and the mass flow rate:

P = 1| Wyc — Wsl (5.1)

where W,,, ¢ and W,,, g are the mechanical work of the compressor and the expander
respectively in [k—‘;] For an ideal HP or HE cycle in which the mechanical power
is constant whatever the mass flow rate, the power varies linearly with the mass
flow rate. This would be the case for a system in which the mass flow rate does
not have an impact on the pressures and temperatures of the cycle. However, in a
more realistic system as the one in this work, a variation of mass flow rate results
in a variation of pressure losses in the components and isentropic efficiencies of the
machines, as explained in section about the off-design performances of the
compressors and expanders. Therefore, the mechanical work of the cycle varies
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with the mass flow rate and the variation of the shaft power with the latter is not
linear. Fig. shows the mass flow rate-power curves for the HP and HE of the
reference design presented in the previous chapter (section . The curves for
different compressor and turbine inlet temperatures are displayed as these also have
an impact on the cycle mechanical work and off-design efficiency of the machines.
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Figure 5.1: Normalized shaft power as a function of the normalized mass flow rate
for the (a) HP cycle for different compressor inlet temperatures (b) HE cycle for
different turbine inlet temperatures. The minimum/maximum powers are indicated
with a dot on each curve.

Concerning the HP, as can be observed, the power is limited by a minimum
power, the value of the latter and the mass flow rate at which it is achieved de-
pending on the operating conditions of the machines. As it can be seen on fig. [5.1a]
for the reference design case operating at nominal temperatures, the power can not
go below a fraction of about 0.9 [-] of the nominal power, limiting strongly the part
load charging capabilities of the system. As it is shown in the previous chapter,
the temperatures of the cycle evolve during the charging process. As it can be seen
on the same figure, the decrease of compressor inlet temperature throughout the
charging process would allow to decrease the minimum operating power of the HP.

Concerning the HE cycle, a similar yet opposite trend as the HP appears, as
shown on fig. [5.Ibl In this case, the power is not limited by a minimum power but
a maximum power. Again, the value of the latter and the mass flow rate at which it
is achieved depend on the operating conditions of the machines. As it can be seen,
when the turbine inlet temperature gets too low compared to the nominal one, the
maximum power is lower than the nominal power of the system. Since as shown in
the previous chapter, the inlet temperature of the turbine decreases throughout
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the discharging process due to the decrease of the HR outlet temperature, this
strongly limits the capability of the system to operate at constant nominal power
during the whole discharging process.

5.2 Constant power cyclic behavior

In the previous chapter, the performances and behavior of the reference design
system were studied when operating at a constant mass flow rate. In this chapter,
the performances and behavior of the system are studied when keeping the power
constant and adapting the other parameters of the system in accordance with the
power. As explained before, the charging power is only limited by a minimum
power that decreases when the compressor inlet temperature decreases. Therefore,
it is possible to operate the system at nominal power throughout the whole charging
phase. During discharge, the system is set to operate at nominal power when the
operating conditions allow it. When the maximum power is below the nominal
power due to the operating conditions, the power is set to the max available power.
If during the discharge, the maximum power falls below 0 [kW] or if the SOC gets
to 0 [%] (meaning that the energy stored in the HR has returned to its initial state,
see eq. , the discharge is stopped. For the rest of this chapter, the operating
mode at constant power (or max power when the operating conditions do not allow
it) is designated as CPWR and the operating mode at constant mass flow rate as
in the previous chapter as CMFR.

The resulting performances at CPWR are displayed in table [5.1| and compared
with the CMFR case. As it can be seen, the CPWR mode shows a round trip
efficiency 2.4 [%] lower than the CMFR mode, owing to the lower HE mean efficiency
over the discharging process. The COP are identical in both cases. Both the mean
charge and discharge powers are higher in CPWR mode than in CMFR mode.

Performance metric CPWR | CMFR Unit
Roundtrip efficiency, 7, 30.3 32.7 %
Mean HP coefficient of performance, COP 1.29 1.29 -
Mean HE efficiency, ngg 23.2 24.9 %
Mean charge power, P, ., 255.3 247.2 kW
Mean discharge power, P, 4 88.4 80.8 kW
Energy input 1536 1491 kW h,
Energy output 465 487 kW h,
Energy density 15.2 15.9 | kWh./m?

Table 5.1: Reference design performances over a 6h charge-6h discharge cycle at
nominal constant powers (CPWR) and constant mass flow rates (CMFR).
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In order to better understand these differences, it is necessary to understand
the behavior of the system in CPWR mode during charge and discharge. Fig.
shows the evolution of the powers, mass flow rates, inlet and outlet temperatures
of the HR and CR, isentropic efficiencies of the machines and state of charge of the
system throughout the whole 6h charge-6h discharge cycle.

Concerning the charging cycle (HP cycle), as expected, the power remains
constant at nominal power during the whole process. In a similar way as the CMFR
case of the previous chapter, the outlet temperature of the CR (compressor inlet)
decreases in the second half of the charging process, owing to the progression of
the thermocline inside it, resulting in a decrease of the mechanical work of the
compressor since it is operating at constant compression ratio. In order to keep
the shaft power constant, the mass flow rate progressively increases. This results
in a decrease of the isentropic efficiencies of the machines due to the divergence
of the operating conditions compared to the nominal ones. They however remain
above 99 [%] of the nominal isentropic efficiencies.

During the discharging cycle (HE cycle), the behavior is not as straightforward.
At the initial step of the process, as in the CMFR mode, the turbine inlet tem-
perature (HR outlet temperature), is lower than the nominal one. The resulting
max power of the cycle is lower than the nominal power of 100 [kW] as can be
observed on fig. The turbine inlet temperature, following the same trend as
in the CMFR case, subsequently increases, increasing the max power. After some
time, the max power reaches the nominal power and the system starts operating at
constant nominal power. As the turbine inlet temperature continues increasing,
getting closer to the nominal one, the mass flow rate decreases to keep the power
constant and the isentropic efficiencies of the machines both increase. Subsequently,
the turbine inlet temperature starts decreasing and the opposite trend happens.
After some time, the turbine inlet temperature reaches a point where the max
power drops below the nominal power. The system therefore starts operating
at the maximum power given by the operating conditions and the power starts
declining. As it can be seen on fig. the lower the turbine inlet temperature,
the lower the mass flow rate at which the max power is achieved. Therefore, as the
turbine inlet temperature continues dropping, the mass flow rate starts decreasing
towards the nominal one, increasing the isentropic efficiencies of the machines.
After a bit more than 5h of discharge, the SOC reaches 0 [%], stopping the discharge.

Comparing the CPWR and CMFR mode during charge, the evolution of the
temperatures and isentropic efficiencies of the machines are relatively similar,
explaining the similar COP. However, in the CPWR mode, the power remains
constant whereas in the CMFR mode, it declines at the end of the charge. This
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explains the higher energy input in the CPWR mode as shown in table 5.1} During
discharge, the isentropic efficiencies are lower in the CPWR case than in the CMFR
case. In the latter, the minimum isentropic efficiency stays close to the nominal
ones with as minimum _—— = 99.4[%]. The HE efficiency is therefore lower in
the CPWR case than in the CMFR case, giving a lower energy output even with a
higher energy input. As the round trip efficiency is defined as the ratio between
energy output and energy input, this explains the lower round trip efficiency. The
HR and CR volumes being identical in both cases, the energy density is logically
lower in the CPWR case.

It can also be noted on fig. that the evolution of the isentropic efficiencies,
mass flow rate and compressor and expander powers is a oscillating in the second
half of the discharge, when the max power is below the nominal power. This likely
comes from the numerical resolution of the system of equations linking mass flow
rate, isentropic efficiency, pressure losses in the reservoirs and powers. However, the
curves remain stables and the trends remain clear. The curve of the shaft power
also remains smooth throughout the whole discharging phase.
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Figure 5.2: Behavior of the PTES system over a full charging-discharging cycle
with constant nominal power and varying mass flow rates (CPWR mode).
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5.3 Design parameters to improve output stabil-
ity

As seen in the previous section, the system can not operate at constant nominal
power during discharge due to the power limitations owing to the variations of
turbine inlet temperature. In this section, different possible solutions to increase
the duration of operation at nominal power during discharge are presented. A new
performance metric is introduced; the duration of discharge operated at nominal
power over the total discharge duration, 7p = t‘itM [%]. The impact on other

performance indicators of the system is also analyzed.

5.3.1 Oversizing the reservoirs

As already explained in the previous chapter, oversizing the reservoirs results in
more stable outlet temperatures and therefore a better thermal efficiency of the
reservoirs and a better round trip efficiency. The oversize factor OVS is defined
as the ratio between the reservoirs volume and their minimum volume defined in

equation OVS = 2 [].

VR,min

Table shows the performances of the PTES system for different OVS values.
figs. and respectively show the shaft power and HR outlet temperature
during discharge for these OVS values. Ref-CPWR refers to the case presented
just before, with the reference design OVS=2 [-]. As expected, increasing the
OVS increases 7p,, due to the higher and more stable HR outlet (turbine inlet)
temperature allowing to operate the discharge at nominal power for longer durations.
The mean discharge power logically also increases and as a result, so does the
output energy E,yuu:. The charge power remains practically constant, slightly
decreasing because of the higher pressure losses in the reservoirs when their volume
increases, resulting in a slight decrease of input energy Ej,,;. All of this leads to a
higher round trip efficiency for a higher OVS.

However, increasing the size of the reservoirs also has its downsides. The energy
density drastically decreases when increasing the OVS. Larger reservoirs also mean
higher costs. Increasing the volume of the reservoirs to such extends could therefore
be complicated in reality.
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Performance metric | Ref~-CPWR | OVS=3 | OVS=4 | OVS=5 Unit
Nyt 30.3 32.9 33.8 34.3 %
P 38.7 58.4 61.2 62.9 %
Mean COP 1.29 1.32 1.33 1.34 -
Mean nyg 23.2 24.8 25.3 25.5 %
Mean P, ., 255.3 255.2 255.2 255.1 kW
Mean P, 4. 88.4 93.3 95.0 95.9 kW
Einput 1536 1536 1535 1535 kW h,
Eoutput 465 505 519 525 kW h,
PE 15.2 11.0 8.5 6.9 kW he /m?

Table 5.2: Performances over a 6h charge-6h discharge cycle at nominal constant
powers of the reference design case for which OVS=2 [-] (Ref-CPWR) and different
oversizes of the HR and CR.

Power (kW) Temperature (°C)
100 4
540
80 +
520 +
ovVS=5
“1 ovs=4
—— 0vs=2 3001
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401 —— ovs=4 0ovs=3
— OVS=5 480 A
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ol - ovs=2
0 1 2 3 a 5 6 0 1 2 3 a 5 6
Discharge time (h) Discharge time (h)
(a) (b)

Figure 5.3: (a) Shaft power and (b) HR outlet temperature (turbine inlet tempera-
ture) during discharge for OVS=2 [-] (Ref-CPWR), OVS=3 [], OVS=4 [], OVS=5
-]

5.3.2 Length-to-diameter ratio of the reservoirs

Again, as explained in the previous chapter, increasing the length-to-diameter
ratio of the reservoirs results in more stable outlet temperatures. The L/D ratios
optimizing the round trip efficiency were found to be 9.8 [-] and 4 [-] for the HR and
CR respectively, even though as explained, the optimum for the HR is probably
overestimated due to the plug flow assumption of the Schumann model which stops
being valid for L/D ratios above 7.5 [-].
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Table shows the performances of the PTES system for different L/D values,
ranging from the reference design L/D = 1.5 -] to L/D = 5 [-]. The L/D ratios of
both reservoirs are set to the same value. As the HR outlet temperature during
discharge remains higher and more constant when increasing L/D, as it can be
seen on fig. Tp,,.. drastically increases when going from the reference design
case with L/D=1.5 [-] to L/D=3 [-]. As already shown in the previous chapter,
increasing the L/D ratio also gives rise to an increase of round trip efficiency. Further
increasing L/D still increases 7p,,, but in a lesser extent. As 7p, = increases, the
mean discharge power F, 4. increases and as a result so does the output energy
Eoutput- Therefore, increasing L/D might appear as a better solution than oversizing
the reservoirs since the improvement of 7p,,  , even tough smaller, is still significant
and increasing L /D does not decrease the energy density since the volume is kept
constant.

Performance metric | Ref-CPWR | L/D=3 | L/D=4 | L/D=5 Unit
Nt 30.3 31.7 32.0 32.1 %
— 387 50.6 52.2 52.9 %
CcOoP 1.29 1.30 1.31 1.31 -
NHE 23.2 24.1 24.2 24.3 %
P 255.3 256.1 256.8 257.8 kW
Pou 88.4 1.1 1.7 92.0 W
Einput 1536 1541 1545 1551 EW he
Eoutput 465 489 495 498 EW h,
PE 15.2 15.9 16.1 16.2 | kWhe/m?

Table 5.3: Performances over a 6h charge-6h discharge cycle at nominal constant
powers for the reference design case Ref-CPWR (L/D = 1.5 []) and various L/D
ratio of the HR and CR.
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Figure 5.4: (a) Shaft power and (b) HR outlet temperature (turbine inlet tempera-
ture) during discharge for L/D=1.5 [-] (Ref-CPWR), L/D=3 [-], L/D=4 [-], L/D=5
-]

5.4 Constant compressor outlet temperature dur-
ing charge

Another type of solution to improve the constant nominal power capabilities of
the system during discharge would be to keep the compressor outlet (HR inlet)
temperature constant during charge. In this section, two ways of achieving this are
explored, namely varying the compression ratio and including the LPHX and an
electrical resistance in the charging loop.

5.4.1 Varying the compression ratio

In all the previous analysis in this work, the charging process is carried out at
constant compression ratio. However, another possible operating mode would be
keeping the compressor outlet (HR inlet) temperature (7%) constant during charge
and varying the compression ratio and mass flow rate. This would result in a
constant charging inlet temperature in the HR, therefore avoiding the lower turbine
inlet temperature at the beginning of the discharge and improving the performance.
However, varying the compression ratio and mass flow rate during charge would
result in lower isentropic efficiencies of the machines, affecting negatively the system
performances.

Fig. [5.6] shows the evolution of the powers, mass flow rates, inlet and outlet
temperatures of the HR and CR, isentropic efficiencies of the machines and compres-
sion/expansion ratios of the system throughout the whole 6h charge-6h discharge
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cycle. The compressors and expanders maps showing the variations of isentropic
efficiency with the reduced mas flow rate and pressure ratio are shown in Appendix
As it can be seen, when the inlet temperature of the compressor (outlet tempera-
ture of the CR) decreases at the end of the charging process, the compression ratio
increases in order to keep the outlet temperature (inlet temperature of the HR)
constant. Logically, the expansion ratio of the expander follows the same trend to
keep the system in a cyclic behavior. As a result, the isentropic efficiencies of both
machines decrease. The mass flow rate slightly decreases to keep the shaft power
constant. As a result of the constant compressor outlet (HR inlet) temperature
during charging, the turbine inlet (HR outlet) temperature remains stable at the
nominal temperature for a relatively long time during discharging, resulting in
stables isentropic efficiencies and a stable nominal output power. As always, the
temperature eventually starts decreasing, until a point when the nominal power
can not be achieved anymore, therefore continuously decreasing the output power
until the end of the discharge.

As it can be seen in table the increase in 7p,o, When operating at constant
compressor outlet (HR inlet) temperature is significant. Concerning the round trip
efficiency, the positive effect of the higher turbine inlet (HR outlet) temperature
during the discharge outweighs the negative effect of the lower isentropic efficiency
during charge. The round trip efficiency shows an increase of a bit less than 2 [%)].
The energy density pg is also subject to a slight increase.

Performance metric | Ref-CPWR | CST-T2-3 Unit
Nt 30.3 32.05 %
TP, 38.7 60.5 %
CcCOP 1.29 1.28 -
NHE 23.2 245 %
P, o 255.3 255.3 kW
P, 4 88.4 89.8 kW
Einput 1536 1536 kW h,
Eoutput 465 492 EW he
PE 15.2 16.0 kW h, Jm?

Table 5.4: Performances over a 6h charge-6h discharge cycle at nominal constant
powers of the reference design case at constant charging compression ratio (Ref-

CPWR) and constant compressor outlet temperature with varying compression
ratio (CST-T2-5).
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Figure 5.5: Initial and final charging T-s diagrams for the system operated at

constant Ty and varying compression ratio (CST-T2-3).
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Figure 5.6: Behavior of the PTES system over a full charging-discharging cycle
with constant nominal power and varying mass flow rates and charging pressure
ratios.

7



CHAPTER 5. OPERATIONAL CONSIDERATIONS

5.4.2 Including the LPHX in the charging loop

In the reference design presented in the chapter about the thermodynamic model
(section , the LPHX is only present in the discharging loop while it is absent
from the charging loop. However, some designs also consider the presence of
the LPHX in the charging loop to keep the inlet temperature of the compressor
(outlet of CR) constant when the outlet temperature of the CR starts decreasing.
Most of them simply consider a rejection of cold from the working fluid to the
atmosphere. However, this would require an ambient temperature always higher
than 77 = 25[°C]. Therefore, a most realistic design would include a heating
system such as an electrical resistance (ER) as in the design proposed by Ameen et
al. [59]. Including this electrical resistance allows to keep the inlet temperature
of the compressor (CR outlet) constant, therefore keeping the compressor outlet
temperature (HR inlet) constant while also keeping the compression ratio constant.
This would however increase the energy input due to the electrical consumption of
the ER.

Fig. shows the evolution of the powers, mass flow rates, inlet and out-
let temperatures of the HR and CR, isentropic efficiencies of the machines and
compression/expansion ratios of the system throughout the whole 6h charge-6h
discharge cycle. As expected, the inlet temperature of the HR (compressor outlet)
remains constant during charging, even when the outlet temperature of the CR
(compressor inlet) decreases. The outlet temperature of the HR (turbine inlet) is
therefore higher and more stable during the discharge than in the ref-CPWR case,
leading to a more stable output power. The other parameters during the discharge
show the same trend as in the previous case with a constant compressor outlet
temperature and varying compression ratio (CST-T2-03).

As it can be seen in table [5.5] including the LPHX with the ER in the charging
loop gives raise to a significant improvement of 7p,_, although less important than
in the previous case without the ER and varying compression ratio. The round trip
efficiency also shows a slight increase. The electrical consumption of the ER is 22
[kWh], which is relatively small compared to the total energy input of 1558 [kKWh].

78



CHAPTER 5. OPERATIONAL CONSIDERATIONS
Performance metric | Ref-CPWR | CST-T2-ER Unit
Nt 30.3 31.8 %
TPyor: 38.7 56.5 %
CcoOP 1.29 1.30 -
NHE 23.2 24.1 %
P, cn 255.3 255.3 kW
P, 4c 88.4 89.0 kW
Einput 1536 1558 kW h,
Eouiput 465 488 kW h,
PE 15.2 15.9 kW he/m?

Table 5.5: Performances over a 6h charge-6h discharge cycle at nominal constant
powers of the reference design case at constant charging compression ratio (Ref-

CPWR) and constant compressor outlet temperature with an electrical resistance

(CST-T2-ER).
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Figure 5.7: Initial and final charging T-s diagrams for the system operated at
constant T» with an electrical resistance (CST-T2-ER). The ER allows to keep the

cycle quasi-identical throughout the whole charge.
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Figure 5.8: Behavior of the PTES system over a full charging-discharging cycle with
constant nominal power and varying mass flow rates and an electrical resistance in
the charging loop.
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5.5 Incomplete charge capabilities

In all the previous analysis of this thesis, the charge and discharge durations were
both set to the nominal 6h duration. In this section, the performances of the
nominal system (thus with the reservoirs volumes, energy capacity and mass flow
rates kept constant) for equal charge and discharge duration of 1.5h, 3h and 4.5h
are studied and compared with the nominal 6h case. In order to keep consistency
with the other analysis of this chapter, the system is operated in constant power
mode (CPWR) with constant compression ratios.

The results are shown in table [5.6] As it can be seen, the round trip efficiency
is higher for charge/discharge times lower than the nominal one. The optimum
between the 4 different cases displayed here is for t=3h. Again, the inlet/outlet
temperatures of the compressor/expander during charge/discharge have an im-
portant role to play. Figs. [5.9a and [5.9b| respectively show the HR inlet/outlet
temperature during charge/discharge for the different charge-discharge durations
studied and help better understand the following explanations.

For small durations as the 1.5h case, the phase at the end of charging when
the compressor inlet (CR outlet) temperature decreases is avoided since the CR
does not have enough time to discharge to this point, therefore keeping the outlet
temperature of the compressor (HR inlet) constant. However, since the HR is
only very partially charged, during the discharge, its outlet temperature (turbine
inlet) directly decreases. For the 4.5h case, the charge is long enough to experience
a non-negligible decrease in compressor inlet (CR outlet) temperature, therefore
reducing the compressor outlet (HR inlet) temperature at the end of the charge,
resulting in a lower HR outlet (turbine inlet) temperature at the beginning of the
discharge. However, during discharge, as the HR is relatively full, the HR outlet
(turbine inlet) temperature do not decrease before some time. The case with t=3h
combines the advantages of the two other cases while minimizing the impact of
the respective downsides. However, it is important to note that the differences in
round trip efficiency between the three cases is relatively small and some part of
it could also be explained by numerical imprecision due to the small durations of
charge and discharge.
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Figure 5.9: HR inlet/outlet temperature during charging/discharging for different

charge-discharge durations.

Performance metric | t=1.5h | t=3h | t=4.5h | Ref~-CPWR | Unit
Nt 32.3 32.9 32.5 30.3 %
TPyor 30.0 44.1 51.0 38.7 %
COP 1.37 1.37 1.34 1.29 -
NHE 22.3 23.2 23.6 23.2 %
P, cn 255.3 255.3 255.3 255.3 kW
P, 4 83.3 84.9 86.7 88.4 kW
Eirput 387 770 1153 1536 kW h,
Eoutput 125 253 374 465 kW h,

Table 5.6: Performances for different charge-discharge durations at nominal constant
powers. The Ref-CPWR case refers to the reference design for which t=6h.
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5.6 Conclusions about operational considerations

A lot of conclusions and discussions can be drawn from the analyses of this chapter.
The first one is that the Brayton PTES system of the reference design operated at
constant compression ratio (and either constant or varying mass flow rate) shows a
great lack of flexibility. When operated with a varying mass flow rate and keeping
the other parameters at their design values, it is shown in section that the part
load capabilities of the system during charge are very limited.

During discharge, when operated in CMFR mode as in chapter [3| the power
profile shows important variations and never reaches the nominal power. When
operated in CPWR mode as done in this chapter (section , the system is only
able to operate at nominal discharge power during less than 40 [%] of the discharge
time.

In this thesis, the possible solutions to improve the part load capabilities dur-
ing charge are not explored. Some solutions have already been proposed in the
literature. Frate et al. [48] developed an efficient method to allow to operate the
system as low as 40% of the nominal power without efficiency losses for both the
charge and discharge, when the inlet temperatures of the machines and pressure
ratios are kept constant. This is done by varying the pressure in the low-pressure
part of the system in accordance with the variation of the mass flow rate. Since
the off-design efficiency of the machines depends on the reduced mass flow rate
mTZ:” and the pressure ratio, it is possible to vary the mass flow rate and therefore
the power while keeping the efficiency at its design point by adjusting the pressure
with a buffer vessel.

Concerning the capacity of the system to operate at constant nominal power
during discharge, different solutions are proposed and studied in this chapter to
improve the performances of the system.

Two solutions relying on design parameters of the packed bed reservoirs are
proposed, namely oversizing the reservoirs and increasing their length-to-diameter
ratio. Oversizing the reservoirs results in substantial improvements of the system
capabilities. However, oversizing the reservoirs raises the cost of the system and its
space requirements. On the other hand, increasing the length-to-diameter ratio
also brings some appreciable improvement while keeping the volume of the tanks
constant.

Two other solutions based on the idea of maintaining a constant compressor
outlet temperature (HR inlet) during charge are proposed. The first one is based
on varying the compression ratio when the inlet temperature (CR outlet) decreases.
The second one relies on the use of an electrical resistance between the CR outlet and
the compressor inlet to warm the fluid when the CR outlet temperature decreases
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and keep the compressor inlet temperature constant. Both method are found to
improve significantly the constant nominal power capabilities of the system. The
method with varying compression ratio still shows better results than the electrical
resistance, increasing both 7p  and ngr in bigger extents. However, the maximum
Tp,,, is found to be 60.5 [%] for this solution, meaning that a non-negligible part
of the discharge is still operated at a power lower than the nominal one.

With his approach of varying both the mass flow rate and low pressure of the
system, Frate et al. [48] also found that the discharging cycle requires substantial
mass flow rate and pressure adjustments to continue operating at the desired load
level when the temperature at the reservoirs outlet vary.

The performances of the system for incomplete charge-discharge durations are
also studied. It is found that for charge-discharge durations lower than the nominal
ones, not only do the performances remain good but the round trip efficiency
even increases for all the studied durations and 7p,,  increases for durations of 3h
and 4.5h. Frate et al. [48] also arrives to the conclusion that the use of reduced
discharging phase durations could help avoiding the efficiency reduction due to the
temperature variations at the reservoirs outlet.

Finally, it is noteworthy that all the analyses presented in this chapter are using
the off design model of the compressors and expanders without considering the
limitations of real machines. Indeed, when considering real machines, limitations
such as the surge or choke restrain the conditions at which they can operate.
The results shown in this chapter should therefore be verified with real machines
characteristics in order to be validated.
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CHAPTER 6

ECONOMIC DISCUSSION

The purpose of this chapter is to share a discussion on the economic aspects related
to packed bed PTES both from the point of view of the literature and the intuitions
related to thermodynamic analyses.

All the intuitions that are proposed are to be verified and the idea is not to draw
conclusions on the basis of these intuitions.

6.1 Point of view of the literature

Until now, the vast majority of the literature about Brayton-based PTES has been
focusing on large-scale systems. Estimating the costs for a small-scale system as the
one in this thesis is therefore no easy task given that the costs between two scales
are generally very disparate. As an example, the cost of storage at 10 [M W h;| and
100 [MW hy] presented by Allen et al. [60] goes respectively from 16.7[$/kW h]
to 7.7[$/kW h;]. Furthermore, Brayton-cycle PTES systems are still in the devel-
opment stage, and there are several components that are not yet commercially
available. As a result, there is limited data available on the investment costs
associated with these systems. This section aims at reviewing the costs estimations
provided by the literature for large-scale systems and individual components as
well as highlighting the difficulties related to the estimation of these costs and their
uncertainties.

Vecchi et al. (2022) [5] reviewed and compared the different packed-bed PTES
systems present in the literature and the most recent commercial developments in
Carnot Battery technologies. The main packed-bed PTES systems presented in
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the review are shown in table 6.1l

For packed-bed Brayton-based PTES, the range of power specific cost and energy
specific cost of the reviewed systems were found to be 470-6300 [$/kW] and 17-1570
[$/kWh]. These systems range in power from 2 to 10 [MW] and capacity from 2 to
40 [MWHh]. These wide ranges of costs are explained by the different assumptions
made by each study on the equipment involved but also the uncertainties on the
cost of the components. For example, for the same system, Zhang, Wang, Lin et
al. [38] found costs ranging from 460-1570 [$/kWh] and 1830-6300 [$/kW]. This
shows that even for a given system, cost variations can be significant also due
to variations in parameters (such as charge/discharge durations). In an attempt
to compare the techno-economic aspects of packed bed and molten salts PTES,
Olympios et al. [61] also noted that the use of different costing techniques leads to
remarkably different estimates.

Author Year  Energy specific cost [$/kWh,] Power specific cost [$/kW]  Power [MW]  Capacity [MWhe]  Ref.
min MAX min MAX

Howes 2012 17 17 470 470 2 16 [62]

Benato et al. 2017 57 203 - - 1.7 2.72 [63]

Georgiou et al. 2018 530 1080 3000 6090 - - [64]

Zhang et al. 2021 460-640 1540-1570 1830-2570 6160-6300 10.0 40.0 [38]

Table 6.1: Energy and power capital costs from different studies

All of this highlights the fact that the large variety of cost functions used, the
uncertainties about the costs, the choice of parameters for each study and the
limited number of studies addressing the costs of packed bed PTES make it very
difficult to express the capital cost of a system as a function of its power and
capacity or evaluate the cost of a small-scale system.

In order to perform a plausible economic analysis, necessary for the development
of Brayton PTES, reducing the uncertainties around their cost is crucial, as well
as developing a more rigorous methodology to compare the different studies and
power scales.

6.2 Point of view of the thermodynamic analysis

In this section, the economic insights gained from the thermodynamic and opera-
tional analysis carried out in the previous chapters are presented.

Considering the relatively lower round trip efficiency observed in this study
compared to large-scale systems reported in the literature, the economic feasibility
of small-scale Brayton PTES systems appears to be more challenging to attain.
This intuition is reinforced by the fact that the cost of storage per unit energy

86



CHAPTER 6. ECONOMIC DISCUSSION

increases when decreasing the capacity of the storage [60]. Similarly, when the
installed power decreases, there is a noticeable rise in the cost per unit of power
for the machines [65].

Considering the quite important temperature constraints on the machines, it
is easy to understand that their cost will be important and that it will drive the
overall cost of the system since other components are less subject to constraints.
Moreover, as the thermodynamic analysis has shown, the need to have machines
with high isentropic efficiency also goes in this direction.

The literature often tends to take maximum temperatures for the hot reservoir
quite high (such as 1000 [°C] in Zhang et al. [36]). Although these temperatures
allow high efficiencies to be obtained, the temperature constraints on the machines
seem complicated to satisfy especially in the case of small-scale machines where a
cooling solution is difficult to imagine.

Moreover, the storage cost for this temperature range is likely to be quite high in
view of the necessary isolation from the environment. Concerning the geometrical
optimization of the storage, it is quite simple to understand that the surface/volume
ratio must be minimized, as the losses are located at the walls of the tank. This
optimization will be logically more important than at large scale.

Working on small-scale power/capacity seems to involve higher costs than on a

large scale but may remain economically interesting if small-scale machines were
more widely used and economies of scale would decrease the cost.
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CONCLUSION

In this thesis, the thermodynamic numerical model of a Brayton cycle based Carnot
battery with packed bed heat storage was constructed.

A design case with 100 [kW]/6 [h] nominal discharge power and charge/dis-
charge durations was presented. Firstly, the behavior and performance of the
system over a full charge-discharge cycle operated at constant mass flow rate were
studied. It was shown that due to the temperature variations at the packed bed
reservoirs outlets, the input/output powers and system performances experience
important variations throughout the cycle. The output power never reaches the
nominal power during discharge. The round trip efficiency was found to be 32.7 [%].

Parametric analysis were subsequently carried out to understand the impact of
the different parameters on the system performances.

As already observed in the literature, the isentropic efficiency of the machines
was found to have a significant impact on the round trip efficiency.

The length-to-diameter ratio of the packed bed reservoirs as well as the solid
material particle diameter were found to have an influence on the round trip
efficiency due to their effect on the pressure drops and thermal efficiencies of the
reservoirs. However, the impact of the length-to-diameter ratio is relatively small
while the effect of the particle diameter is more pronounced and their diameter can
be lower than in large-scale applications due to the lower pressure losses.

Concerning the choice of working fluid, it was found that air should be preferred
over argon, given its similar performances, lower cost and easier operation. Helium
should be avoided given its poor performances.

Furthermore, an uncertainty analysis was carried out. The uncertainties associ-
ated with the properties of the solid material of the packed bed were found to have
a negligible impact on the uncertainty of the round trip efficiency.
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Some operational considerations were then studied. It was found that to date,
the literature still lacks of researches and studies about the operational limitations
and control strategies of packed bed PTES. The part load capabilities of the
system during charge were found to be very limited. During discharge, the system
demonstrated ability to operate at constant nominal power only 38.7 [%] of the
time. The rest of the time, the power is limited by a maximum power curve.

The solutions to improve the part load capabilities were not studied but some
solutions proposed in the literature were reviewed.

Some solutions to extend the duration at which the system is able to operate
at nominal power during discharge were proposed and studied. It was found that
oversizing the packed bed reservoirs as well as increasing their length-to-diameter
ratio leads to significant improvements. Two solutions based on the idea of keeping
a constant compressor outlet temperature during charge were also proposed, namely
varying the compression ratio or including the LPHX with an electrical resistance
in the charging loop. Both techniques led to appreciable improvements of the
discharge time operated at nominal power, with the varying compression ratio
yielding the best results.

The performance of the system for incomplete charges was analyzed. The results
showed that for incomplete charge cycles, the round trip efficiency is improved. For
charge-discharge durations of 3 hours and longer, the time operated at nominal
power during discharge was also found to be enhanced.

Finally, a discussion about the economic aspect of packed bed PTES was carried
out. The high level of uncertainty about the cost of these systems was highlighted.
Additionally, the need for a common basis and methodology to compare cost esti-
mations was put forward.

From the conclusions drawn from this thesis, several future lines of research
could be developed. The development of methodologies for more precise and
rigorous cost estimations would allow to reduce the uncertainties around the
economics of the technology. This would allow to study if, in view of its low round
trip efficiency, the system could still be competitive with other types of storage
technologies. Future work should also focus on the study of the operational control
strategies of the system as well as their physical implementation, especially since
the operational limitations deduced from this thesis should also apply to large-scale
systems. Finally, a study of different possible integration scenarios of the technology
in the energy system would help understand in which applications they could be
techno-economically attractive.
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APPENDIX A

PERFORMANCE MAP FOR THE CST-T2-5 CASE
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