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ABSTRACT OF THE DISSERTATION

Hybrid Thermal and Compressed Air Energy Storage System (HT-CAES): Thermodynamic

Analysis and Thermoeconomic Optimization

by
Sammy Houssainy
Doctor of Philosophy in Mechanical Engineering
University of California, Los Angeles, 2017

Professor Hossein Pirouz Kavehpour, Chair

Global warming concerns, volatile oil costs, and government incentives are leading to
increased interest in the adoption of renewable energy sources. However, the integration of
renewable sources in our existing infrastructure is challenging, as renewable generation is
unpredictable and intermittent by nature. Energy storage compensates for the inherent
intermittency of renewable energy sources, by storing energy during surplus power production
periods and discharging the stored energy during low production periods. Compressed Air
Energy Storage has received much attention as a viable solution due to its economic feasibility,
low environmental impact, and large-scale capability. However, conventional CAES systems
rely on the combustion of natural gas, require large storage volumes, and operate at high
pressures, which possess inherent problems such as high costs, strict geological locations, and
the production of greenhouse gas emissions. Through this research, a novel and patented hybrid
thermal-compressed air energy storage (HT-CAES) design is investigated as a possible solution.

The HT-CAES system allows a portion of the available energy, from the grid or renewable
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sources, to operate a compressor and the remainder to be converted and stored in the form of
heat, through joule heating in a solid-state sensible thermal energy storage medium. The hybrid
design has the beneficial effect of mitigating the shortcomings of conventional CAES systems
and its derivatives by eliminating combustion emissions and reducing storage volumes, operating
pressures, and costs. Therefore, the hybrid system provides flexibility of adjusting to a myriad of
storage volumes based on available geological restrictions. Additionally, The hybrid system
possesses a wide range of possible operations, without a compromise in its storage capacity,
which may prove useful as we move towards a sustainable future.

An ideal HT-CAES system is investigated and the thermodynamic efficiency limits
within which it operates have been drawn. The efficiency of the HT-CAES system is compared
with its Brayton cycle counterpart, in the case of pure thermal energy storage (TES). It is shown
that the efficiency of the HT-CAES plant is not theoretically bound by the Carnot efficiency and
always higher than that of the Brayton cycle, except for when the heat losses following
compression rise above a critical level. The results of this work demonstrate that the HT-CAES
system has the potential of increasing the efficiency of a pure TES system, executed through a
Brayton cycle, at the expense of an air storage medium.

Subsequently, a realistic and irreversible hybrid configuration is presented that
incorporates two stages of heating through separate low-temperature and high-temperature
thermal energy storage units. A thermodynamic analysis of the HT-CAES system is presented
along with parametric studies, which illustrate the importance of the operating pressure and
thermal storage temperature on the performance of the storage system. Realistic isentropic
component efficiencies and throttling losses were considered. Additionally, two extreme cavern

conditions were analyzed and the cyclic behavior of an adiabatic cavern was investigated. An
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optimum operating pressure resulting in maximum roundtrip storage efficiency of the hybrid
storage system is reported. Additionally, a modified hybrid design is investigated that includes a
turbocharger in the discharge process, which provides supplementary mass flow rate alongside
the air storage. This addition has the potential of drastically reducing the necessary storage
volume and pressures, thus further increasing the operational flexibility of the system. The
results of this work provide an efficiency and cost map of the HT-CAES system versus both the
operating pressure and the distribution of energy, between thermal and compressed air storage.
The results of this work illustrate and properly quantify a tradeoff that exists between the HT-
CAES system cost and performance. Both roundtrip energy and exergy efficiencies are
quantified, presented, and compared. Lastly, a local optimum-line of operation, which results in a
local maximum in efficiency and a local minimum in cost, is presented.

The HT-CAES system is also investigated and optimized based on a minimum entropy
generation criteria. Regenerative and non-regenerative configurations are examined. It is
illustrated that an HT-CAES system designed based on a minimum entropy generation objective
may be at a lower energy and exergy efficiency, and lower output power, than otherwise
achievable. Therefore, in the case of a hybrid energy storage system, minimization of entropy
generation does not always coincide with minimization of energy losses. Only under certain
conditions does the point of minimum entropy generation coincide with maximum energy
efficiency. Specifically, this occurs only when the input energy, thermal energy storage mass,
specific heat, and temperature swing, are a constant. Similarly, only in the specific case where
the total input exergy is a constant, does minimum entropy generation coincide with maximum
exergy efficiency. Lastly, an exergy analysis of the hybrid system is presented. The calculated

and normalized exergy destruction maps provide a means of comparing the component exergy
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destruction magnitudes for assessing and pinpointing the sources of largest irreversibilities. In
addition to the exergy destruction, the exergetic component efficiencies are also presented and
compared. Both component exergy destruction and their exergetic efficiencies demonstrate that
the largest source of avoidable exergy destruction results from the irreversibilities associated
with throttling and the irreversibilities associated with mixing losses within the air storage

medium.
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Chapter 1: Introduction

Increased awareness of the threatening environmental effects of fossil fuel emissions, and
the rising concern over global warming is accelerating incentives to harness and integrate
sustainable sources of energy in our existing infrastructure. The price of photovoltaics and wind
turbines are drastically reducing with time, with a convincing projection in the same direction.
Conversely, the continued depletion of our limited supply of fossil fuels, a commodity,
inevitably and persistently increases their price. Therefore, in addition to environmental
protection incentives, eventually fossil fuels will become economically illogical and the effort to
advance our sustainable energy supply is imperative for a prosperous future. However,
renewable power is inherently chaotic by nature, and our efforts of increasing their integration is
hindered by the challenges associated with their intermittency [1-6]. To solve this problem, the
general consensus is to incorporate large-scale energy storage systems, which would serve to
store the low quality (fluctuating) power, and provide high quality (smooth) and dispatchable
power based on consumption needs. [7-11]

As compared with chemical energy storage (batteries), mechanical energy storage
systems, such as compressed air energy storage (CAES), pumped hydro storage (PHS), and
flywheels are generally capable of more cycles, their efficiencies remain persevered, and they are
more suitable of large-scale applications, with the exception of flywheels. However, among the
mechanical system, PHS requires stricter geological locations and requires higher maintenance
and capital costs as compared with CAES systems, therefore rendering CAES most suitable for
renewable integration [12-15]. Three types of CAES systems have been extensively investigated

in the literature: diabatic (D-CAES), isothermal (I-CAES), and advanced adiabatic (AA-CAES)
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[16-21]. In conventional, or diabatic, CAES the exergy portion associated with compression heat
is not utilized and destroyed, which is detrimental to its performance. The only two existing
CAES systems in the world are based on the diabatic method. Furthermore, natural gas is used as
an external heat source, providing up to 60% of the total output energy, contingent upon the fuel
conversion efficiency. Therefore, diabatic CAES is more properly classified as a mutual power
generation and energy storage system [22-23]. For these reasons, significant efforts have been
devoted towards I-CAES and AA-CAES, which address the drawbacks of conventional CAES
systems by avoiding the use of fossil fuels, and enhancing their performance.

Through high heat transfer rates, Isothermal CAES intends to isothermally compress and
expand the air. [-CAES is advantageous, as it minimizes compression work and eliminates the
need for combustion emissions. However, its major drawback results from the exceedingly high
storage pressures necessary for adequate energy densities [24-27]. Several methods have been
proposed that aim to achieve isothermal compression conditions. Hydro-pneumatic energy
storage (HyPES) is one common type, where a liquid performs the air compression process.
Hydraulic oils are most commonly investigated in HyPES, due to their high heat capacity and
stability at high pressures [28-29]. Recent works investigate the spraying of water, in a
reciprocating piston, as a means of collecting the generated heat of compression while
minimizing the rise in air temperature. The warm water is then used similarly to minimize the
drop in air temperature during expansion. Research and development efforts of such machinery
must be undertaken, which would need to tolerate moisture [30]. In addition to water, foam has

also been investigated for enhanced heat transfer [31].



Another CAES derivative, which also eliminates combustion emissions, is the advanced
adiabatic type. Unlike D-CAES, where the compression heat is wasted and natural gas
combustion is used as a heat source, in AA-CAES the compression heat is stored and reused as a
heat source during expansion. The simplest AA-CAES architecture, which reuses the
compression heat, is achieved by storing the hot compressed air itself in a temperature resilient
air storage medium [32]. Alternatively, a common method is to store the heat separately, in a
thermal energy storage medium, which would require less thermally resistant air storage
methods. The performance of AA-CAES with a separate thermal storage unit increases with
storage temperature, as demonstrated by several investigations in the literature [33-39].
However, the low exhaust temperatures of available compressors in the market limit the
performance and energy density of AA-CAES systems [40-47].

The hybrid thermal and compressed air energy storage (HT-CAES) system, presented in
this research, addresses the drawbacks of conventional and AA-CAES systems. Contrary to D-
CAES and similar to AA-CAES, in HT-CAES the combustion emissions are mitigated through
the utilization of compression heat. However, Unlike AA-CAES, the need for high temperature
compressors is eliminated in HT-CAES, by storing electrical power directly in the form of heat
through joule heating, therefore reaching high temperatures prior to expansion. Therefore, HT-
CAES allows for both high energy densities and efficiencies. The separation of energy between
thermal and compressed air energy storage allows for lower storage pressures and volume, as the
additional heat increases the capacity of the system. Consequently, increased flexibility
associated with the HT-CAES allows for a reduction in geological restrictions. In addition,
compressors typically require a constant input power, corresponding to their design point, for

optimal performance. Therefore, low quality, fluctuating, and highly intermittent renewable



power signals that are inapplicable for compressors can be utilized through direct conversion to
heat, which further increases the capacity of the HT-CAES system. In HT-CAES, part of the
available energy is spent on compressing the air, and the rest is directly converted to heat and
stored in a High temperature Thermal Energy Storage (HTES) medium. An HT-CAES
configuration is presented that includes a turbocharger on the discharge side, which provides
supplementary mass flow rate alongside the air storage. Through this analysis it is illustrated that
the addition of a turbocharger has the potential of drastically reducing the storage volume and
pressure, which reduces the system complexity and cost, in addition to eliminating the need for
multistage compression and expansion.

It will be demonstrated that the hybrid design has the following major advantages over an
advanced adiabatic design: 1) Assuming identical machinery and air storage sizes, the hybrid
design can provide additional output power through the extra stored heat, which would be
neglected otherwise in an advanced adiabatic design, 2) The necessary air storage
volume/pressure can be reduced due to the increased thermal storage capability, which alleviates
the geological constraints of the plant, 3) the complexity is reduced by mitigating the need for
high temperature compressors, 4) it is shown that with increased dependence on thermal storage
the system cost is reduced.

An overview of the current energy storage technologies and a motivation behind
compressed air energy storage systems is provided in chapter 2. In chapter 3, an HT-CAES
system is investigated and the thermodynamic efficiency limits within which it operates are
investigated. The efficiency of the HT-CAES system is compared with its Brayton cycle
counterpart, in the case of pure thermal energy storage (TES). It is shown that the efficiency of

the HT-CAES plant is not bound by the Carnot efficiency and always higher than that of the



Brayton cycle, except for when the heat losses following compression rise above a critical level.
The results of chapter 3 demonstrate that the HT-CAES system has the potential of increasing
the efficiency of a pure TES system, executed through a Brayton cycle, at the expense of an air
storage medium.

Chapter 4 is based on my published work [38], which presents a realistic and simple
hybrid configuration that incorporates two stages of heating through separate low-temperature
and high temperature thermal energy storage units. A thermodynamic analysis of the HT-CAES
system is presented along with parametric studies, which illustrate the importance of the
operating pressure and thermal storage temperature on the performance of the storage system.
Realistic isentropic component efficiencies and throttling losses were considered. Additionally,
two extreme cavern conditions were analyzed and the cyclic behavior of an adiabatic cavern was
investigated. An optimum operating pressure resulting in maximum roundtrip storage efficiency
of the hybrid storage system is reported.

In chapter 5, a modified hybrid design is investigated which includes a turbocharger in
the discharge process. This addition has the potential of drastically decreasing the necessary
storage volume and pressures, with a compromise in storage capacity. The cost of thermal
storage is substantially lower than the cost of air storage, per kilowatt-hour [48]. However, a heat
engine is theoretically lower in efficiency than a CAES plant. Therefore, with increased reliance
on thermal storage, through the turbocharger, the HT-CAES system cost and efficiency are
anticipated to decrease. The results of this work provide an efficiency and cost map of the HT-
CAES system versus both the operating pressure and the distribution of energy, between thermal
and compressed air storage. This research illustrates and properly quantifies a tradeoff that exists

between the HT-CAES system cost and performance. Both roundtrip energy and exergy



efficiencies are quantified, presented, and compared. Lastly, a local optimum-line of operation,
which results in a local maximum in efficiency and a local minimum in cost, is presented.

In chapter 6, an internally reversible and irreversible HT-CAES system is investigated
and optimized according to a minimum entropy generation criteria. Regenerative and non-
regenerative configurations are investigated. It is shown that an HT-CAES system designed to
achieve minimum entropy generation may operate at a lower energy and exergy efficiency, and
lower output power, than otherwise achievable. Chapter 6 illustrates that minimization of entropy
generation does not always coincide with minimization of energy losses in a hybrid compressed
air energy storage system. Only under certain conditions does the point of minimum entropy
generation coincide with maximum energy efficiency. Specifically, this occurs only when the
input energy, thermal energy storage mass, specific heat, and temperature swing, are a constant.
Similarly, only in the specific case where the total input exergy is a constant, does the minimum
entropy generation coincide with maximum exergy efficiency. In chapter 7, an exergy analysis of
the hybrid system is presented. The calculated and normalized exergy destruction maps provide a
means of comparing the component exergy destruction magnitudes for assessing and pinpointing
the sources of largest irreversibilities. In addition to the exergy destruction, the exergetic
component efficiencies are also presented and compared. Both component exergy destruction
and their exergetic efficiencies demonstrate that the largest source of avoidable exergy
destruction result from the irreversibilities associated with throttling and the irreversibilities

associated with mixing losses within the air storage medium.



Chapter 2: Energy Storage Overview

2.1 Introduction

The integration of energy storage into our electrical grid has numerous advantages. First
and foremost, energy storage is an enabling technology, which would allow for increased
penetration and utilization of renewable sources. In addition, large-scale, efficient, and reliable
energy storage can be used during low demand/price periods to store cheap electricity from
conventional power generation systems and provide the electricity during high/expensive
periods, which allows for participation in energy arbitrage. Furthermore, energy storage creates a
safer and more resilient electrical grid, which is capable of withstanding sudden and unexpected
failures and blackouts.

Current energy storage systems can be generally categorized into 1) mechanical (which
includes CAES, PH, and flywheels, 2) thermal (which includes latent heat, sensible heat, and
thermochemical), 3) electromagnetic (which includes capacitors and super-conducting
magnetic), and 4) chemical (such as batteries, and hydrogen) [48]. The energy storage systems
that are most suitable for large-scale applications are compressed air and pumped hydro energy
storage. Compressed air energy storage however has fewer geological restrictions and lower
costs, rendering it more attractive as compared with pumped hydro. [49-54]

Various CAES concepts are being investigated and under research and development,
which are intended to solve the environmental issues associated with their conventional design.
Advanced adiabatic, is one such example, which includes a thermal storage unit that is intended
to store the generated heat of compression for subsequent use during the discharge process. [55-
57]. Alternatively, isothermal types aim to minimize the heat generated during compression,

which is typically achieved by spraying water during compression to allow for high heat transfer
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rates, thus maintaining nearly constant temperatures during both charge and discharge processes
[53]. Underwater CAES, as the name entails, represents the idea of storing the compressed air
underwater, typically through the use of bags, which maintains isobaric conditions using
hydrostatic pressure [58-63].

The existing CAES technologies and those investigated in literature, rely on high storage
pressures for adequate energy densities. This introduces inherent component complexities, strict
geological locations, as well as increased production and maintenance costs. Moreover,
conventional CAES system rely on the combustion of natural gas as a heat source, therefore
produce global warming emissions. The novel hybrid thermal and compressed air energy
storage, the subject of this dissertation, solves both conventional CAES problems regarding
high-pressure operations and global warming emissions, by storing energy in the form of
compression and directly in the form of heat. This has the advantage of eliminating the need for
an external heat source, mitigating the geological restrictions, in addition to increasing the
storage capacity of the system. The various available energy storage technologies are discussed
in detail in this chapter, in addition to numerous CAES derivatives. Comparing the system with
various CAES derivatives naturally motivates the hybrid thermal and compressed air energy

storage system. Moreover, different types of air storage mediums are discussed.

2.2 Current Energy Storage Technologies

Increased integration of renewable sources of energy, particularly photovoltaics, has a
clear effect and consequence on the electrical grid, and undoubtedly demonstrates the necessity
and motivation behind the utilization of energy storage. The so-called “Duck Curve” is a plot of
the net load on the electrical grid as a function of time, in the span of a full day. A typical plot of

the duck curve is shown in Figure 1, as provided by the California Independent System Operator



[64]. During the morning hours, a relatively steady supply of power is necessary to meet the
demand. However, as time progress, leading to increased solar irradiation, and with increased
integration of renewable sources into the electrical grid to utilize the irradiation, the demand for
electricity is substantially reduced. This reduction in electricity demand during the day is
projected to drastically decrease as more photovoltaics are integrated and utilized. However,
eventually a sharp increase in demand results during the evening hours, as solar irradiation

subsides, and the electrical demand is increased as most return to their homes and require energy

needs.
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Figure 2.1: The duck curve: Net Load profile in a typical day provided by the California independent system operator[64]

The duck curve, illustrated in Figure 1, illustrates a need for various energy storage
applications, as we increase our dependence on renewable sources and reduce our depletion of
fossil fuels. First, a large-scale bulk energy storage system is required to store excess power

generated during the peak day hours, and provide the stored energy during the evening hours



when supply is low and demand is high. Second, an energy storage system with short/quick start-
up times is necessary, which is capable of following the ramp-up in demand leading to the
evening hours. The Table below summarizes important technical parameters of some current and

common energy storage technologies.

Table 2.1: Energy Storage Technology Specifications [65]

iiild- Li-Ion NaS Flow Flvwheel | Pumped | Conv.
ac batteries | batteries | batteries ywhee hydro CAES

batteries
System
Power 25 kW=10 | 100 kW—
Output SIOMW [ <IOMW [ 2100 MW oo MW | Z200 MW | 200 MW
(KW/MW)
Discharge | 4\ 6 hr 4 hr 4 hr 15 min >10 hr >10 hr
time
Lifetime 3-10 10-15 15 5-15 20 30+ 30+
(years)
Lifetime 4000- 1500-

- - > > >

(eyelos) 500-800 | 2000-3000 | "o 15,000 >100,000 | >50,000 | >10,000

Round-trip 70%-

efficiency 90% 85%-95% | 80%-90% | 70%-85% | 85%-95% | 75%-85% | 45%-60%
()

Capital cost
per

discharee | $300- | $400- $1000- $1200- $2000- $1000- $800-
s $800 $1000 $2000 $2000 $4000 $4000 $1000

power

($/kW)

Capital cost

per capacity | oro0- | $230- $125-5250 | $350-5800 | S1500- $100-$250 | $50-$150

$500 $1500 $3000

($/kWh)

Levelized

cost of $0.25- | $0.10- $0.05- $0.15- $02.09 | $0-05- $0.10-

electricity | $0.35 $0.45 $0.15 $0.25 ST %015 $0.20

($/kWh)

It is important to note that other technologies, such as batteries, have substantially lower
discharge times, which limits their applications. The discharge time and energy capacity, or
power output, predominantly dictates the type of applications suitable for each energy storage
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system. Figure 2 below is more of a visual demonstration of where energy storage technologies
stand. Compressed air energy storage and pumped hydro are the highest in terms of discharge
time and power capacity, this makes them very suitable for large-scale, utility, applications [66]-
[69]. Pumped hydro requires specific geological applications, which can be hard to come by.
Compressed air energy storage has the potential to utilize promising geological sites in the form
of underground salt deposits, which can be leached to form salt caverns, or underground rock
formations. However, compressed air energy storage can also use large tanks above grounds. As
compared with pumped hydro storage, CAES has fewer geological restrictions, therefore

rendering CAES as the most promising for large scale energy storage applications.

2.3 Types of Compressed Air Energy Storage

When air is compressed adiabatically from ambient conditions, both pressure and
temperature are increased. Therefore a substantial portion of the input energy, used to operate a
compressor, is converted to heat, as significantly high temperatures can be reached particular at
high compression ratios. Multi-stage compression, coupled with intercooling, is often utilized to
control the drastic increase in temperature during compression. However, the lost heat can be
quite detrimental on the performance of the storage system, unless the generated compression
heat is scavenged for later use during the discharge process. The manner in which the heat of
compression is managed precisely dictates the three types of compressed air energy system,

diabatic, isothermal, and advanced adiabatic compressed air energy storage. [67-69]
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Figure 2.2: Discharge Versus Capacity of Current Energy Storage Technologies [70]

2.3.1 Isothermal

In isothermal compressed air energy storage, the objective is to minimize any increase in
temperature during the compression process. Fundamentally, this is achieved by very high heat
transfer rate, as a significant portion of the compression energy is converted directly to heat.
Therefore, specific compressor designs are necessary to achieve such conditions. Theoretically,
isothermal compression can be achieved through a high number of compression stages and
respective intercooling heat exchangers. However such architecture is impractical and results in
significant pressure losses and costs. Several other means of achieving near isothermal

compression have been suggested. Of the more attractive proposals, one seeks to spray water in

12



the compression chamber, which allows for high heat transfer rates, considering the high specific

heat of water and the high surface area of a droplet [71], [72].

2.3.2 Advanced Adiabatic

The major premise in an adiabatic design is to utilize the generated heat of compression,
during the charge process, for later use during the discharge process. Theoretically this results in
higher roundtrip efficiencies, as this configuration would not intentionally waste the invested
compression power associated with heat. An advanced adiabatic design typically requires the use
of an external thermal energy storage system, which captures the generated heat during the
compression process, and supplies the heat to the air stream during the expansion process. The
thermal energy storage medium could be a fluid, such as oil. In which case the oil is circulated as

a heat carrier fluid for intercooling during compression, and reheating during expansion.

2.3.3 Diabatic

The only two existing compressed air energy storage plants in the world, located in
Huntorf, Germany, and in McIntosh, Alabama, are both based on the diabatic method. In diabatic
compressed air energy storage, multi-stage compression coupled with intercooling heat
exchangers are utilized to control the significant rise in temperature of the compressor exhaust.
The collected heat of compression is however not utilized and dissipated into the environment.
This dissipation of compression heat significantly hinders the performance diabatic designs.

Important specification of the two existing CAES plants is provided in Table 2.
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Table 2.2: Specifications of The Two Existing CAES Plants [73], [74], [75]

Data of Operational CAES plants
Huntorf Mcintosh

Power In 60MW SIMW
Charge Time 8hrs S1hrs
Power Out 350MW 110MW
Discharge Time | 2hrs 26hrs
Cavern Volume | 310,000m’ | 540,000m’
Max Pressure 72bar 75bar

2.4 Compressed Air Energy Storage Thermodynamic Cycles

Conventional compressed air energy storage systems are cost effective, however their
wasted heat of compression hinders their performance. In advanced adiabatic systems, the
generated heat of compression during the charge process is stored in thermal energy storage
(TES) unit for later use during the discharge process. These TES units consist of a thermal
transport fluid, a heat exchanger, a heat reservoir, and an auxiliary circulation pump, as shown in
Figure 3.

The higher theoretical performance limits associated with an advanced adiabatic design
have made it an attractive alternative to conventional compressed air energy storage systems.
However, advanced adiabatic systems suffer from increased capital cost and implementation
complexity. This is the main reason why advanced adiabatic designs are not commercially
available. Neither one of the only two existing compressed air energy storage plants are based

on an advanced adiabatic design.
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Figure 2.3: Top) Conventional CAES. Middle) AA CAES system. the TES unit consists of the thermal transport fluids,
heat exchanger, heat reservoir and pump. Bottom) HTH-CAES system with LTES and HTES units used to reheat

compressed air

The compromise between CAES and AA-CAES is the hybrid thermal and CAES (HT-CAES). In
the hybrid system, the TES is replaced with low and high temperature thermal energy storage

units, as shown in Figure 3. As in the thermal storage unit of an advanced adiabatic deign, the
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low temperature thermal energy storage (LTES) unit stores the heat generated during air
compression. But unlike TES, the high temperature thermal energy storage (HTES) unit acts as
a scalable energy reservoir without the complexity of a thermal transport fluid or recirculation
pumps. The HTES unit takes advantage of the high thermal capacity of an inexpensive thermal
medium to store heat that will later be used to superheat the compressed air. HT-CAES allows
for the addition of grid energy directly to the HTES through thermoelectric heaters to achieve
temperatures much higher than traditional CAES and AA-CAES, paving the way for a new class
of energy storage systems.

With the addition of a HTES unit, the workload is shifted from pure compression to
thermal storage. This separation of energy storage between compressed air and thermal storage
has the effect of expanding the energy capacity of the compressed air system without the need to
increase the air pressure or air storage capacity. HTES allows the system to be dynamically
scaled up or down as the load leveling demand changes without any structural change in system
configuration. More importantly, since the energy storage reservoir is now split between air
compression and thermoelectric heaters, the working fluid does not need to be compressed to the
same pressures as in an AA-CAES system to achieve the same energy output. Using a smaller
compression ratio, far less energy is lost due to non-adiabatic conditions. That has the added
benefit of allowing the LTES unit to be much less expensive than a traditional adiabatic system
since the requirements are much lower. This advancement in compressed air technology will
allow HT-CAES systems to perform as well as a much larger and more complex AA-CAES
system, while costing approximately the same as a small conventional CAES system.

The P-v and T-s diagrams, for the three different CAES systems, are provided in Figure

4, where (a) and (c) correspond to the charge process, and (b) and (d) correspond to the discharge
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process. For the same output power, the HT-CAES system needs the least amount of energy
charged into compression while the conventional CAES system requires the most. As shown in
4(b) and (d), the HT-CAES delivers the most amount of energy during the discharge cycle due to
the HTES unit being an abundant source of energy, while the AA-CAES system has the least,

being limited by the amount of energy stored purely during compression.
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Figure 2.4: a) The P-v diagram of the charge cycle (comparison of HT-CAES, AA-CAES and Conventional CAES) b) The

P-v diagram of the discharge cycle c¢) T-s diagram of the charge cycle d) T-s diagram of the discharge cycle
A detailed quantitative analysis and comparison of the hybrid storage system with an advanced

adiabatic design is provided in chapter 4.

2.5 Air Storage Types
There are two different types of underground air storage, or caverns, 1) isobaric storage

(constant pressure), and 2) isochoric storage (constant volume), or sliding pressure. For both
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types of underground storage, both naturally occurring and man-made underground caverns can

be used. The details of both are described next and illustrated in Figure 5.

2.5.1 Sliding Pressure Storage

In a sliding pressure storage, the volume of the cavern or air storage remains constant and
the air pressure increases during the charge process, and decreases during the discharge process.
In order to maintain a constant pressure during the discharge process of the storage cycle, the
pressure is throttled to the operating pressure dictated by the optimal performance of the turbine.
Through throttling, the output power provided by the plant remains constant and independent of
the state of charge. This architecture suffers from throttling losses. Isochoric, sliding pressure,
underground caverns are typically constructed in underground salt deposits through a leaching
process. a drilling process allows water to dissolve the salt in the underground deposit, which is
then pumped back up, eventually resulting in a cavern. Both existing plants in Huntorf, Germany
and Alabama use a sliding pressure, isochoric underground salt cavern. An illustration of a

sliding pressure underground cavern is provided in Figure 5. [75]

2.5.2 Constant Pressure Storage

In constant pressure storage, or isobaric storage. The cavern volume is typically increased
or reduced in size during the charge and discharge process such that isobaric conditions are
attained. Constant pressure storage is not used at the Huntorf or Alabama compressed air energy
storage plants. Constant pressure storage cavern are typically constructed in under ground rock
formations, where underground salt deposits are unavailable. To maintain isobaric conditions
within the cavern, a water-equalizing pit is used and the depth of storage dictates the storage

pressure, as specified by the hydrostatic pressure [75].
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Chapter 3: Theoretical Efficiency Limits of a Hybrid Thermal-
Compressed Air Energy Storage System

3.1 Introduction

The thermal efficiency of reversible power cycles is given by the Carnot efficiency [76-80].
Moreover, the thermal efficiency of an irreversible power cycle is always less than the thermal
efficiency of a reversible power cycle (the Carnot efficiency) when each operate between the
same two thermal reservoirs [81-82]. Therefore, the Carnot efficiency provides an upper
performance limit on power cycles. Additionally, the Carnot efficiency illustrates that power
cycle efficiencies are always below 100%, assuming finite/non-zero reservoir temperatures. With
such a theoretical constraint, the performance of power cycles can be meaningfully compared
with the Carnot efficiency in contrast to a naive comparison with 100%. This way, no effort is
wasted in attempting to achieve efficiencies very near or over the Carnot limit. Analysis
techniques have been developed in various studies to consider the internal and/or external

irreversibilities in heat engines [83-90].

A fraction of the stored energy in the hybrid thermal and compressed air energy storage system
exploits heat-to-work energy conversion and utilization. Therefore, it is reasonable to assume
that high thermal energy storage temperatures correlate with higher efficiencies, as is the case in
heat engines. In addition, it is equally reasonable to assume that the roundtrip energy efficiency
of the hybrid thermal and compressed air energy storage system is in someway influenced by the
theoretical performance limit of heat engines; the Carnot efficiency. However, the Carnot

efficiency provides a performance limit on power cycles or heat engines, where the input energy
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is low quality heat and the product is high quality useful energy, or electricity. In the case of a
hybrid thermal and compressed air energy storage plant, the system is defined as an energy
storage machine where high quality electrical energy is stored, in another form, and later
converted back to electricity. Therefore, the direct application of the Carnot efficiency on the
hybrid energy storage system is inappropriate; nevertheless its influence is undoubtedly present
as a portion of the stored energy in the hybrid system is retrieved from the stored heat by the

thermal energy storage unit.

This chapter is an attempt to draw the fundamental thermodynamic efficiency limits within
which a hybrid thermal CAES system operates, which has not been formerly reported. The
thermodynamic models assume a constant pressure cavern, typically constructed in underground
rock formation with a water equalizing pit to maintain isobaric conditions [91]. It is shown that
the cavern under this assumption reduces to just a delay time in the operation of the plant. A
constant volume cavern, on the contrary, changes the state of air through the cavern and has to be
accounted for proper modeling of the plant. The novel premise of this work is to demonstrate and
compare the fundamental differences and relationships between the efficiencies of a Hybrid
CAES cycle with that of an analogous Brayton power cycle, in the case of pure thermal energy
storage. Specifically, The efficiency of the hybrid CAES system is compared with a regenerative
and non-regenerative Brayton cycle. This unique comparison illustrates the general and
fundamental differences in the roundtrip cycle efficiency definitions associated with a heat
engine, in the case of pure thermal energy storage utilizing a Brayton cycle, versus a hybrid

CAES and their theoretical limiting values.
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3.2 Model and Assumptions

The models considered in this chapter represent variations of a Hybrid Thermal Compressed Air
Energy Storage (HT-CAES), in which part of the available input energy is spent on compressing
the air into a storage medium, herein assumed to be a cavern, and the rest is directly converted to
heat and stored in a Thermal Energy Storage (TES) medium. Through resistive heating, high
temperatures can be achieved in the TES unit, therefore drastically increasing the capacity of the
system. The maximum achievable temperature in the TES is dictated by material properties. An
alumina based refractory can accommodate storage temperatures in excess of 1700C, and
Nichrome wires can provide a continuous operating temperature of ~1680C. The nature of the
TES is fundamentally different from the absorbed compression heat, which is either discarded in
conventional CAES or stored and then utilized during expansion in advanced adiabatic CAES.
The inclusion of the TES intentionally takes the state of the system off the compression isentrope
and fundamentally introduces an upper Carnot-like limit on the efficiency of the plant. This is so
that the advanced adiabatic CAES ideally aims for the best round-trip efficiency by trying to

coincide the compression and expansion isentropes.

It is the aim of this chapter to quantify the performance of HT-CAES vs. the classical Brayton
cycle, in the case of pure thermal energy storage, and discover its theoretical efficiency limits.
Additionally, the influence of the Carnot limit on the performance of the Hybrid system is
investigated. Therefore, to examine the upper performance limits, all components are assumed to
be internally reversible and have perfect component performance indices, i.e. isentropic
efficiency or heat exchanger effectiveness. Also, it is assumed that 1) the cavern is fully

insulated and thus no heat losses are present, and 2) the cavern is isobaric during charge and
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discharge processes. Therefore, the thermodynamic conditions of the air into and out of the
cavern are the same and all the energy invested in charging the cavern is retrieved during the
discharge process. Under these assumptions, the cavern is solely a buffer zone that introduces a
delay time in the plant’s operation. An analysis of the cavern under constant volume and constant

pressure is also presented in this chapter.

3.3 HT-CAES vs. Brayton Cycle With Regeneration
To investigate the effect of temperature of the TES on the storage efficiency, a regenerative HT-
CAES model is analyzed. Fig. 1(a) shows the HT-CAES configuration in which the compressor

is not powered by the turbine, as opposed to the classical Brayton cycle shown in Fig. 1(b).
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Figure 3.1: (a) Hybrid Thermal & Compressed Air Energy Storage Configuration (With Regeneration), the compressor
and turbine are decoupled (b) Brayton Cycle with regeneration (turbine and compressor are along the same shaft; the

compressor is powered by the turbine)

The round trip storage efficiency of the HT-CAES is given by
W,

_ 3.1
W + Qrgs (31

NHT-CAESR =

When the compressor has a compression ratio of r, and assuming a constant specific heat,
equation (1) can be written

B T,(1 — 1/rk-D/k) 3.
nHT—CAES,R - Tl(T'(k_l)/k _ 1) + T4(1 _ 1/T(k_1)/k) ( . )

Where k is the ratio of the specific heats. Equation (2) can be further simplified as follows

1
NHT-CAESR = T (3.3)
1+ LyE-1)/k
T,

It can be shown that the efficiency of an ideal regenerative Brayton cycle, in the case of pure
thermal energy storage, with the same compression ratio, r, and turbine inlet temperature T is

given by
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T, k-1
7”BryatorL,R =1- T_r k (34)
4

Eliminating 7 *=D/k between equations (3) and (4) results in the following relationship
&7, q

between the round-trip efficiency of HT-CAES and the Brayton cycle efficiency:

1
(3.5)

"HT-CAESR = 22—
nBryaton,R

One can see that equation (5) can be rewritten as follows:

2
(1 ~ NBryat ,R)

HT-cAESR ~ NBraytonR = ~ 5 _ >0 (3.6)
77Bryaton,R

Equation (5) illustrated that the efficiency of a regenerative HT-CAES system is always higher
than that of a brayton cycle, in the case of pure thermal energy storage. Fig. 2 involves plots of
both efficiencies, equations (3) and (4), versus the turbine inlet temperature for a compression
ratio of 5, and Fig. 3 shows the plot of equation (5).
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Figure 3.2: Efficiency of a Hybrid Thermal and Compressed Air Energy Storage System and a Brayton Cycle with

Regeneration Versus Thermal Storage Temperatures (compression ratio of 20 in both cycles)
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Figure 3.3: Efficiency of an HT-CAES system versus the corresponding Brayton Cycle with Regeneration, equation (5)

3.4 CAES vs. Brayton Cycle, Without Regeneration

3.4.1 No heat losses

A similar analysis is performed in the case of no regeneration. A similarly simplified and ideal
configuration of the energy storage cycle with no regeneration given by Fig. 4a is analyzed and
compared with a Brayton cycle, Fig. 4b. The configuration given by Fig. 4a assumes isentropic
compression and expansion, for simplicity. As explained in section 2, the cavern is neglected
under the assumption that no storage losses are present; therefore all energy invested in
compression is retrieved during the discharge process. In the storage cycle in Fig. 4a, the turbine
does not provide the compressor power, meaning all of the turbine power is available for useful
work. In Fig. 4a the compressor and thermal storage power is provided by either the electrical
grid, renewable sources or whatever power is available for storage. In contrast, the turbine is

coupled with the compressor in the Brayton cycle in Fig. 4b.
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Figure 3.4: (a) Hybrid Thermal and Compressed Air Energy Storage Configuration Without Regeneration (b) Brayton

Cycle without regeneration

The round trip efficiency of the simplified and ideal hybrid system given by Fig. 4a is given as

i (3.7)
NMHT-CAES = T T A~ .
We + Qures
which, assuming constant specific heat, can be simplified to get
1-T,/T
4/ T3 (3.8)

NHT-cAES = m
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. . . T, T . . .
Keeping in mind that T—“ = T—l across the turbine and the compressor for isentropic processes, a
3 2

little scrutiny reveals that the numerator of equation (8) is the Brayton cycle efficiency in Fig. 4b,
while the denominator is the Carnot efficiency of the associated Brayton cycle. Equation (8) can

therefore be rewritten as follows,

1 — Tl/TZ nBraytlm
- _ (3.9)
HT-CAES = 7 (Ty/T)X(T2/T3)  Nearnot

A sketch of the result given by equation (9) is illustrated in Fig. 5, which demonstrates that the
process is 100% efficient when T3 = T,, meaning there is no heat addition provided by the
thermal storage and the compression and expansion processes are along the same isentropic line.
The addition of heat through the thermal storage takes the process off the compression isentrope
and introduces the Carnot limit into the cycle. In the extreme of very high temperatures of
thermal storage, i.e. when the balance between heat and isentropic work of compression shifts
predominantly toward heat, the cycle is dominated by the Brayton cycle as the Carnot efficiency
approaches unity. In another extreme where the energy put into thermal energy storage
approaches zero and T; = T,, HT-CAES reduces to an advanced adiabatic system with a
theoretical round-trip efficiency of unity, as evident from equation (9). In this limit, where
advanced adiabatic CAES aims to operate, the expansion isentrope coincides with the
compression isentrope. When there is economic and technological justification, this limit is
theoretically the most desirable zone of operation for energy storage/retrieval. One can therefore
conclude that the efficiency of a non-regenerative HT-CAES cycle is 1) always greater than the

efficiency of the corresponding Brayton cycle, and 2) is not bound by the Carnot efficiency.
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Figure 3.5: Efficiency Versus Thermal Storage Temperatures of the Simplified Hybrid Compressed Air Energy Storage

Cycle given by equation (9), Exclusive of Regeneration

3.4.2 Accounting for heat losses following compression

As noted earlier, there is an advanced adiabatic system built into the HT-CAES. In the analyses
done so far it has been assumed that the heat of compression, which is traditionally absorbed in
advanced adiabatic CAES, is fully utilized in the system with 100% round trip efficiency prior to
heating the air through the TES. This section extends the analysis to take into account the heat

losses following compression. The corresponding ideal and simplified model is given by Fig. 6
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Figure 3.6 Simplified and Ideal Hybrid Thermal and Compressed Air Energy Storage with a heat loss component

following compression

The round trip storage efficiency is calculated similar to (7), that is:

W (3.10)
NHT-cAES = 3 : .
VVC + QHTES
Assuming constant specific heat, equation (10) reduces to
T, —T
r 0 (3.11)

NHT-cAES = T,—T,+T, — T,
Utilizing isentropic relations and incorporating the compression ratio, r, equation (11) reduces to

T,(1 — 1/r*-D/k)

- = 3.12
THIZCARS T (L= T/T2) = Ta (1 — r0- D7) 512
Further simplification of (12) leads to
! (3.13)
NHT-CcAES = .
(1- Tgk/;Tf) —+ ﬂr(k—u/k
(1—1/r&n/ky T T,
Recognizing the Brayton cycle efficiency, equation (13) can be rewritten as follows
! (3.14)
NHT- = -
HT—-CAES (1 _ T3/T4) N ﬂr(k_l)/k
nBrayton 4
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An immediate observation in equation (14) is that as T, increases the efficiency of the system

approaches the Brayton cycle efficiency, i.e.

lim NHT-CcAES = nBrayton (315)

Ty—00
A plot of the round trip efficiency, given by equation (14), versus the expander inlet temperature
(T,) for various T5 temperatures is given in Fig. 7. The uppermost curve in Fig. 7 represents the
case where T; = T,, which corresponds to no heat loss following compression. That is consistent
with equation (9) and its sketch in Fig. 5. As T; decreases the associated curves in Fig. 7
eventually change in curvature, although all leading to the same limiting case of the Brayton
cycle efficiency. The result in Fig. 7 was obtained for a compression ratio of 20, a heat capacity
ratio of 1.4, and an ambient temperature of 300K, which leads to a Brayton cycle efficiency of
57.51%. The decrease in the temperature, T3, corresponds to an increase in heat loss following
compression. As heat losses increase the necessary amount of heat, supplied by the TES, to reach
a specified turbine inlet temperature increases. A significant increase in the necessary heat,
provided by the thermal storage, overwhelmingly influences the efficiency of the system, as

demonstrated by equation (10), and eventually leads to the change in efficiency curvature.
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Figure 3.7: A plot of the roundtrip efficiency (corresponding to the Hybrid CAES cycle of Fig. 6, exclusive of
regeneration) versus the turbine inlet temperature (or equivalently TES temperature) given by equation (14) for various
T; temperatures (corresponding to various heat loss curves following compression) for a compression ratio of 20, a heat

capacity ratio of 1.4 and an ambient temperature of 300K

3.5 Discussion

Although the Carnot efficiency is more commonly utilized as a performance comparison with
power cycles, pure thermal energy storage cycles are also bound by its limit as these systems can
be classified as heat engines i.e. TES systems convert low quality energy (heat) to useful work as
in the case of power cycles/heat engines. In order to demonstrate the influence of the Carnot
limit on the performance of the Hybrid storage system, a plot of the Carnot efficiency, Brayton
cycle efficiency, and Hybrid CAES system efficiency as a function of the thermal energy storage
temperature, or the turbine inlet temperature, is provided in Figure 8. Both regenerative and non-
regenerative Brayton cycle and Hybrid CAES efficiencies are plotted in Figure 8. At lower

thermal energy storage temperatures, there is no potential for regeneration, however this
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potential increases with temperature. The architecture (with or without regeneration) that leads to

the higher efficiency is utilized and plotted in Figure 7 with a solid line.
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Figure 3.8: A plot of the Carnot efficiency, Brayton cycle efficiency, and Hybrid CAES system efficiency as a function of
the thermal energy storage temperature, or the turbine inlet temperature (assuming a compression ratio of 10 in both

Brayton and Hybrid CAES cycles)

The efficiency of an ideal non-regenerative Brayton cycle is independent of thermal energy
storage temperatures. However, with increasing thermal energy storage temperatures, eventually,
regeneration becomes effective and the cycle efficiency increases with temperature in such
architecture. Conversely, the efficiency of an ideal non-regenerative Hybrid CAES system
decreases with thermal energy storage temperatures. However, just as in the Brayton cycle case,
with increasing thermal energy storage temperature eventually regeneration becomes effective
and the cycle efficiency begins to increase with temperature. As demonstrated by Figure 8 at low
thermal energy storage temperatures, the efficiency of a Hybrid CAES system is generally not

bound by the Carnot limit. In addition, the efficiency of the Hybrid system is always higher than
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that of a pure thermal energy storage system, executed by a Brayton cycle. The Hybrid CAES
efficiency approaches the Brayton cycle efficiency at exceedingly high temperatures. Therefore,
as thermal energy storage temperatures increase the Carnot limit begins to influence the
performance of the Hybrid storage system. The reason being that at high thermal storage
temperatures the majority of energy is supplied by the TES unit, which is inherently bound by

the Carnot limit.

3.6 Cyclic Cavern Analysis

This section illustrates a brief thermodynamic analysis of an isobaric and isochoric cavern. In
both cases the cavern is also assumed to be adiabatic. The results below demonstrate that under
the isobaric cavern assumption the thermodynamic state of the cavern, inlet, and outlet
conditions remain equal and constant. The thermodynamic state of air is assumed fixed by the air
pressure and temperature properties. An isochoric cavern, on the contrary, changes the state of

air through the cavern.

3.6.1 Governing Equations
The general mass, energy and entropy balance equations together with the calorically perfect gas

equations of state are given below:

am _ :

dt = Min — Moyt (3.16)

dE av. . . .

E = _PE + minhin - mouthout + Q (317)

dH ap | , .

E = VE + Miphin — Mouchour + Q (318)

as . . Qj .

E = MynSin — MoytSout T Z F + o (319)
J
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PV = MRT (3.20)

Where
E = Me (3.21)
S =Ms (3.22)
H = Mh (3.23)
e=C,T (3.24)
h=C,T (3.25)

And e, s and £, are the specific energy, entropy, enthalpy and M is the mass of air in the cavern at

any instant of time.

3.6.2 Isobaric Cavern: (P = constant)

Charge Process: (m,,,; = 0)

In order to analyze the conditions of the isobaric and adiabatic cavern during the charge process,

equation (18) is expanded while utilizing equation (26), resulting in the following equation:

dT .
M— =m;, (T, —T) (3.26)
dt
with the initial condition of
Tt=0)=T, (3.27)

where T, is the temperature of the inlet air stream. Solving equation (26) coupled with (27)
results in

T@t) =T, (3.28)
Meaning the isobaric cavern temperature at any instant of time, during the charge process, is

equal to the constant inlet air temperature. With the cavern pressure assumed constant in this
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situation, the state of the cavern, which is determined by the air temperature and pressure,

remains constant during the charge process.

Discharge Process: (m;, = 0)

Similarly, expanding equation (18) and using equation (16) results in the following equation

ar . :
ME - moutT == _moutT (3.29)

with the initial condition of
Tt=0)=T, (3.30)

It is immediately clear that (29) and (30) result in the following solution

T@t) =T, (3.31)
The results (28) and (31) together with the isobaric constraint, P=constant, indicate that the
transients of an isobaric cavern are irrelevant. Specifically, the inlet and exit temperatures are
one and the same. Therefore, the inlet state of the cavern air, defined by the inlet air pressure and
temperature, is equal to the outlet state of the cavern air and the cavern becomes redundant in the

analysis.

3.6.3 Isochoric Cavern: (V=constant)

Coupled integration of the mass and energy balance, equations (16) and (17), under calorically
perfect gas equations of state and adiabatic boundary conditions enable determination of
temperature and pressure during charge and discharge and the cycle-to-cycle variations, as

shown in Figure 9. Constants provided in Table 1 were have been used.
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Figure 3.9: The temperature and pressure of an adiabatic cavern cyclic process. The first 6 cycles of the charge and

discharge process are shown.

Table 3.1 Assumed constants for the cyclic isochoric and adiabatic cavern example

Constant Value
Cavern Volume, V,qern 300,000 m’
Specific Heat of Air at Constant Pressure, C, 1 kJ/kg.K
Specific Heat of Air at Constant Volume, C, 0.718 kJ/kg K
Air Gas Constant, R 0.287 kJ/kg K
Minimum Pressure, P, 5 bar
Maximum Pressure, P« 20 bar

Initial Cavern Temperature, T, 300 K

Inlet Cavern Temperature, T, 300 K

Mass Flow Rate, m 200 kg/s

As the pressure varies between the specified maximum and minimum during the charge and

discharge processes, the temperature of the cavern reaches an equilibrium profile after
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approximately 6 cycles. However, the temperature and pressure remain transient and the
conditions of the air through the cavern change drastically. Consequently, the state of the air into
and out of the cavern is different. As a result, for a proper modeling of the plant’s performance

the cavern internal transients must be taken into account.

3.7 Concluding Remarks

An ideal thermodynamic model was developed for a hybrid thermal and compressed air energy
storage system. The analysis considered perfect performance indices for the components
(isentropic efficiency and effectiveness) and explored the integral built-in boundaries of
operation of the storage cycle with respect to the corresponding Brayton and Carnot cycles. The
models included cycles with and without regeneration. The following conclusions can be drawn:

1. Consistent with the advanced adiabatic compressed air energy storage concept, in the
limit of no heat addition to the system the ideal cycle has 100% theoretical roundtrip
efficiency. In this limit the compression and expansion occur along the same isentrope.

2. The addition of heat through thermal storage takes the expansion process off the
compression isentrope and results in a non-unity round trip efficiency even in the case of
perfect components.

3. The efficiency of the storage cycle approaches that of a classical Brayton cycle as the
temperature of the thermal storage increases.

4. The energy storage cycle, namely compressed air energy storage, is not bound by the
Carnot efficiency, as the Carnot efficiency is limited to heat engines, not energy storage

cycles.
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Chapter 4: Thermodynamic Analysis of a Simple Hybrid Thermal-

Compressed Air Energy Storage System

4.1 Introduction

Numerous CAES configurations have been investigated, such as advanced adiabatic (AA-
CAES), diabatic, isothermal, and various hybrid CAES arrangements [92]-[97]. The only two
existing CAES plants are based on the diabatic method, in which the heat of compression is not
utilized in the system and wasted into the environment. Both plants use natural gas for
combustion to heat the discharging air prior to expansion, which produce greenhouse gas
emissions [98]. Additionally, both existing CAES plants were designed as peaker plants based on
economic motives. They generally run only when there is high demand for electricity.
Depending on the fuel conversion efficiency, approximately 40% to 66% of the output energy is
provided by fuel. Conventional CAES plants are, therefore, a combination of energy storage and
generation plants [99]. In AA-CAES the heat of compression is captured and stored during the
charge process and is employed during the discharge phase to heat up the air prior to adiabatic
expansion, which is more appealing as it theoretically results in a higher roundtrip efficiency
compared with diabatic CAES. As a result, several state-of-the-art make CAES projects have
been initiated. RWE Power, which is the largest German power company, launched the ADELE
CAES plant based on an advanced adiabatic design in 2010 [100]. However, the project was
terminated due to economic issues. Dresser-Rand, the company that supplied the turbo-expander
for the McIntosh CAES plant, working in partnership with Apex, is aiming to provide a 317MW
conventional CAES system in Texas, with an anticipated operation date in 2020 [101]. An old,

yet attractive idea for near isothermal compression — attempted by LightSail, a start-up company
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in Berkeley, California — involves spraying a calculated amount of water during the compression
phase of a dual-purpose reciprocating compressor/expander to absorb the heat of compression.
The so-captured energy is then utilized during expansion when the machine is used as an
expander [102]. SustainX and General Compression were also pioneering isothermal CAES.
However these companies ceased operation for economic reasons. A Canadian startup,
Hydrostor, is initiating underwater CAES, where an underground cavern along with a water-

equalizing pit are used to maintain isobaric storage conditions [103].

Although AA-CAES is a very attractive idea, its major drawback results from putting all the
available energy into compression, which inevitably results in large storage and operating
pressures for adequate energy storage densities. Therefore, multistage compression and
expansion have to be employed, which ultimately drive the cost up [104]. Furthermore, air can
get very cold over large expansion ratios, which among other technical issues could turn the
warm humidity in the air into ice bullets that damage the valves and the expander. In addition to
high pressures, isothermal CAES is difficult to achieve as it necessitates high heat transfer rates

during compression and expansion to maintain isothermal conditions.

A simple high temperature hybrid compressed air energy storage (HT-CAES) system
configuration is presented which eliminates the necessary combustion emissions in conventional
CAES and mitigates some of the issues in the otherwise attractive AA-CAES. The HT-CAES
allows a portion of the available energy, from the grid or renewable sources, to operate a
compressor and the remainder to be converted and stored in the form of heat, through joule

heating in a sensible storage medium. As a result, HT-CAES operates on smaller volumes and
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lower pressures, which reduce the cost and solve some of the technical issues during expansion.
Surprisingly, very few groups have investigated a hybrid thermal and compressed air energy
storage design [105]-[108]. This unique HT-CAES design incorporates two stages of heating
through separate low-temperature and high-temperature thermal energy storage units, which
provide simplicity and practicality for future implementation. In contrast to the only previous
hybrid investigation [108], the following thermodynamic analysis incorporates realistic
isentropic component efficiencies and throttling losses responsible for maintaining constant
pressure conditions following the cavern. While a positive-displacement machine with proper
valve-timing control can adjust to the time-varying pressure in the cavern and maintain optimal
performance, a variable expander assumption over-estimates the power output with turbo-
expanders. The optimal performance of a turbo-expander, characterized by its isentropic
efficiency, is limited to a very narrow range of inlet operating conditions of pressure,
temperature and mass flow rate. Slight deviations from the design conditions results in a sharp
decrease in isentropic efficiency of the machine. As a result, pressure has to be regulated to the
design conditions, either via the Joule-Thomson throttling process or using an expander that is
capable of taking the time-varying pressure in the cavern and delivering a steady-state back
pressure. This analysis employs the Joule-Thomson throttling. Previous works only consider an
isothermal cavern [108], however here both adiabatic and isothermal conditions are investigated
as they represent both extremes. Most importantly, the existence of an optimum operating
pressure, leading to maximum roundtrip storage efficiency, is presented, which has not been
formerly reported. Parametric studies, which illustrate the importance of the operating pressure
and thermal storage temperature on the performance of both HT-CAES and AA-CAES systems,

are presented. Moreover, the cyclic behavior and the existence of an asymptotic isentropic
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condition in an adiabatic cavern are reported. Lastly, the performance of an HT-CAES system is

compared with an AA-CAES system of the same power output.

4.2 Methods

While cost effective, traditional CAES systems suffer from heat losses during compression along
with carbon emission due to combustion of fossil fuels. With AA-CAES systems, the heat of
compression is stored in a thermal energy storage (TES) unit and returned to the compressed air
during discharge. The higher overall efficiency of AA-CAES systems has made it an attractive
alternative to traditional CAES. However, AA-CAES requires high storage and operating
pressures for adequate energy densities and roundtrip efficiencies, as demonstrated in section
4.2. Of the only two compressed air energy storage plants in operation (Huntorf, Germany and

Mclntosh, United States) neither one employs AA-CAES.

Low Temperature Thermal Energy
Storage (LTES)
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Figure 4.1: Schematic of a High Temperature Hybrid Compressed Air Energy Storage (HT-CAES).

The resolution between CAES and AA-CAES is the high temperature hybrid thermal CAES
(HT-CAES). In an HT-CAES system the TES is replaced with a low and high temperature
energy storage unit, as shown in Figure 1. As with TES in AA-CAES, the low temperature

thermal energy storage (LTES) unit stores the heat of compression. But unlike TES in AA-
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CAES, the high temperature thermal energy storage (HTES) unit in HT-CAES acts as a scalable
energy reservoir without the complexity and limitations of a thermal transport fluid. The HTES
unit takes advantage of the high thermal capacity of an inexpensive thermal medium to store heat
that will later be used to heat up the compressed air out of the air storage. HT-CAES allows for
direct conversion of electricity into heat through Joule heating. As a result, temperatures and
volumetric energy densities well in excess of traditional CAES and AA-CAES can be achieved,
while the size of the air storage can be reduced. The electricity could be supplied either from the

grid or renewable source, e.g. wind and PV.

With the addition of a HTES unit, the workload is shifted from pure compression to investing
partially in thermal storage. This separation of energy storage between compressed air and
thermal storage has the effect of expanding the energy capacity of the compressed air system
without the need to increase the air pressure or cavern capacity. HTES allows the system to be
dynamically scaled up or down as the load leveling demand changes without any structural
change in system configuration. Figure 2 is a sketch of the T-s diagram for both AA-CAES and
HT-CAES, corresponding to the cycle in Figure 1, assuming isentropic components, an
isothermal air reservoir and 100% heat exchanger and recuperator effectiveness. The process is
summarized in Table 1. It should be noted that HTES is by nature a transient component as it
depletes during the discharge process. However, it can be sized and designed to always heat up
the discharging air to a constant temperature, thereby providing the expander with a steady-state

steady flow. Under these conditions HTES can be thought of as a steady component.
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Table 4.1: Process Description Corresponding to the T-s Diagram in Figure 2

Process Description

1-2 1¥ stage isentropic compression for both HT-CAES and AA-CAES

2-3 Intercooling, at constant pressure, for both HT-CAES and AA-CAES

3-4 2 stage isentropic compression for both HT-CAES and AA-CAES

4-5 After-cooling for both HT-CAES and AA-CAES

6 This line represents the conditions of the isothermal cavern as it is depleted and throttled

during the discharge process from pressures P to the operating pressure, P’, given by points
5 and 7 respectively.

7-8 Preheating the discharging air by the LTES from the generated heat of compression. Point 8
represents the maximum temperature achievable through AA-CAES

8-8’ Isentropic expansion in AA-CAES (in Figure 1, this would correspond to 8-11)

8-9 Recuperator heat addition in HTH-CAES

9-10 Heat provided by the HTES in HTH-CAES
10-11 Isentropic expansion in HTH-CAES

As evident in Figure, 2, the addition of an HTES dramatically increases the output power and the
energy density of the storage system for a given size and pressure swing in the cavern, as the

AA-CAES system is limited by the amount of energy stored purely during compression.

T 4 HTH-CAES & AA-CAES
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Figure 4.2: T-s Diagram of both AA-CAES and HTH-CAES, assuming isentropic components, an isothermal cavern, and

100% heat exchanger effectiveness
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Assuming isentropic efficiencies of 100% for compressors and turbine, and an effectiveness of
100% for heat exchangers, Table 2 represents a snapshot of one such operational possibility for

an isothermal cavern.

Table 4.2: A specific example of the possible operational values corresponding to the T-s diagrams of Figure 2 and Figure3

Variable Value Variable Value
T, 300K Tg 357K

T, 460.25K | Ty 820.8K
Ts 300K Ty 1300K
T, 460.25K | Ty 225.83K
Ts 332.05K | Ty, 820.8K
T, T 300K P’ Sbar
Pamb 1bar Prax 20bar

P; 4 47bar | C, 5

Where P; is the intercooling pressure, corresponding to minimum compression work, and
C=Cr1es/Cair 1s the heat capacity rate ratio, defined as the LTES heat transfer fluid (HTF)
specific heat times its flow rate, over the specific heat of air, at constant pressure, times its flow

rate. Data in Table 3 were also used.

Figure 3 involves an HTH-CAES T-s diagram under an adiabatic cavern, which is essentially the
same as Figure 2 except for the treatment of the cavern. As a result all values given by Table 2
are applicable with the exception of temperatures T; and Ts, which are now time-dependent.
Lines 6’ and 6 represent the instantaneous conditions in the cavern as it is charged and
discharged respectively. Also, the isothermal line 7 represents the Joule-Thompson throttling,
which brings the instantaneous condition of the discharging cavern air (a point along line 6) to
the operating/prime pressure, P’. Where the prime pressure, P’, is defined as the minimum

cavern pressure and the discharge process pressure, which is adjusted by the pressure regulating
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valve. The cyclic conditions of an adiabatic cavern during the charge and discharge process,
along with their operational values, are given in Appendix A. As shown there, the charge and
discharge processes in the cavern (lines 6’ and 6 respectively) tend to converge to an isentropic
one after several charge and discharge cycles. All calculations presented for an adiabatic cavern

in this paper, including Figure 3 represent the first charge and discharge cycle.
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Figure 4.3: T-s Diagram of both AA-CAES and HTH-CAES, assuming isentropic components, an adiabatic cavern, and

100% heat exchanger effectiveness

4.3 Calculations

Figure 1 represents the HTH-CAES thermodynamic cycle that is analyzed here. During the
charge process electricity from renewable sources, or the gird, is used to operate the compressor.
Simultaneously or subsequently, depending on available power during the charge process,
electricity is converted directly into thermal energy and is stored in the High Temperature
Thermal Energy Storage (HTES). Conversion of electricity to thermal energy can result in very

high temperatures and thus high energy densities when the energy is well contained. The
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practical limit on how high a temperature can be reached in HTES is defined by the material
properties of the storage and the electric wires. Alumina-based refractory provides service
temperatures in excess of 1700C and Nichrome wires can have a continuously operating
temperature of ~ 1680C. Considering that the heat of compression is absorbed during charge and
is used during discharge, there is conceptually an AA-CAES built into the HTH-CAES cycle in
Figure 1. The heat of compression is stored in a Low Temperature Thermal Energy Storage
(LTES), which is essentially a two-tank system. Initially, tank “b” is filled with a cold Heat
Transfer Fluid (HTF) in the charge process and tank “a” is empty. As the air being compressed,
tank “b” is discharged and the HTF collects the heat of compression via the LTES charge heat
exchanger. The hot HTF is then stored in tank “a” for later use during the discharge process.
During the discharge process, air is released from the cavern and subsequently throttled through
the pressure-regulating valve to a constant pressure, herein referred to as the prime pressure, P’.
The temperature of the discharging air is then raised through three successive stages of heating
before entering the expander: LTES, Recuperator, and HTES. Pressure losses within the pipes
were not taken into account and all components besides the cavern are assumed to be quasi-
steady. In addition, Table 3 summarizes the additional constants used in all studies presented

here.

Table 4.3: Assumed Constants

Constant Value
Charge Time, teparge 6 hours
Cavern Volume, V,qern 300,000 m’
Compressor Isentropic Efficiency, 1. 75%
Turbine Isentropic Efficiency, n¢ 80%

Heat Exchanger & Recuperator Effectiveness 80%

Heat Capacity Rate Ratio of the LTES Heat Carrier Fluid to Air, 5
C=Crres/Cur

Specific Heat of Air at Constant Pressure, C, 1 kJ/kg.K

48



Specific Heat of Air at Constant Volume, C, 0.718 kJ/kg K
Air Gas Constant, R 0.287 kJ/kg K
Output Power, Woyrpue 100MW

A detailed outline of the calculations made for each component in the charge cycle is presented

in this section. This includes all significant equations and any component specific assumptions.

4.3.1 Thermodynamic Equations

All components (compressors, heat exchangers and turbines) except for the cavern and HTES are
assumed to operate quasi-steadily during charge and discharge. The rational is that the residence
time within these components is much shorter than charge and discharge time scales, indicated in
Table 3. Also, heat capacities are assumed to be temperature independent. The charging time is
fixed, therefore, the cavern is charged to a peak pressure, corresponding to a specified flow rate,

and is discharged till the cavern prime pressure, P’, is reached.

4.3.1.1 Compressor
Considering Figure 2, the required first stage isentropic compression power is determined from

the first law of thermodynamics as follows

k-1
k

. c,T. P;
W, = m 21 (—) —1 4.1)
nc Pl

Here T and P; are the inlet temperature and pressure of the compressor at ambient conditions,
respectively. The intercooling pressure, P;, is given by P; = m, a well-known result
corresponding to minimum compression power, and Py, is the maximum cavern pressure at the
end of the charge process. The second stage compression power is calculated similarly, for a

pressure swing from P; to P, The inlet temperature of the 2™ stage compressor is determined
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by a heat exchanger energy balance that takes into account the effectiveness and the LTES heat

capacity rate ratio given by Table 3.

4.3.1.2 Adiabatic Cavern

The application of the mass and energy balance under temperature-independent specific heats

and adiabatic boundary conditions results in the following transient thermodynamics for the

cavern:
Charge:
M(t)=mt+ M’ (4.2)
T(t) = M TKTst 4.3
TIGHANTO —
mkRTst
P =P +—= (4.4)
Vcavern
Discharge:
M(t) = M, ,, — mt (4.5)
me D
T(t) =Tnax |1 - M (4.6)
max
P(©)Veavern = M(O)RT (t) (4.7)

where P’ is the cavern prime pressure and T; is the temperature of air into the cavern, as shown
in Figure 1. Also, M’ is the mass of air in the cavern at the start of the charging process and T" is
its temperature. Ty and My, are obtained by substituting tcparge in €quations (2) and (3).
When the adiabatic assumption is made, T' = Tg has been assumed, although it is shown in the
appendix that there is a slight cycle-to-cycle variation within the first few cycles until an

equilibrium is reached in the cavern. For general, though weak, temperature-dependent heat
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capacities, numerical integration of mass and energy balance coupled with the equation of state

will have to be resorted to determine the internal thermodynamics of the cavern.

4.3.1.3 Isothermal Cavern

Similarly, the following equations can be obtained for an isothermal cavern during charge and

discharge:

Charge:
M(t) =mt+ M’ (4.8)
T(t) = cte (4.9)
P(t) =P + RTS—mt (4.10)

cavern

Discharge:
M(t) = M,,,, — mt (4.11)
T(t) = cte (4.12)
P(€)Veavern = M(£)RT (t) (4.13)

4.3.1.4 LTES and Recuperator

The LTES working fluid storage tanks are assumed to be adiabatic. The final LTES temperature
during the charge process is calculated through a heat exchanger analysis using the effectiveness
and the heat capacity rate ratio given by Table 3. Similarly the recuperation analysis is performed

assuming the effectiveness given in Table 3.

4.3.1.5 Joule-Thomson Throttling

The air pressure is reduced to the process pressure via the Joule-Thomson throttling. It is

essentially an iso-enthalpic process when the valve is fully insulated. The Joule-Thomson
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. T : . :
coefficient, u;r = o5 drops continuously for a given pressure as the temperature increases for

air. It takes the value of y;r = 0.2143 C.bar™! at 0.0C, 60 bar and 0.0161 C.bar~* at 280C, 60
bar [109]. The former translates into a AT = 12.85C across the valve while the latter results in
AT = 0.966C. Considering the narrow range of variations of the Joule-Thomson coefficient,
therefore, the real gas effects have been neglected and the throttling process has further assumed

to be isothermal. Consequently, Tg = T, in Figure 1

4.3.1.6 HTES and Turbo-expander

As mentioned earlier, the HTES is inherently a transient component. However, it can be
designed to deliver a constant temperature necessary for optimal operation of the turbo-expander.
Since the plant is assumed to deliver a constant power output, WOutput, the necessary HTES exit
air temperature, T;o, can be determined through an energy balance of the turbo-expander as

follows:

WOutput
b et
. k
e 1= (5)

Note that P;, = P; in equation (14). The necessary heat addition by the HTES to air is therefore

T10 = (4.14’)

given by

QHTES =m Cp(TlO —Ts) (4.15)

One way of designing the HTES for a constant exhaust temperature is through bypassing the
cold air and mixing it with the hot air out of HTES, as shown in Figure 4. Part of the incoming
air is bypassed around the HTES while the rest goes through it. It is assumed that the HTES

length is designed for 100% effectiveness. Nonetheless, since the maximum temperature of
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HTES drops, so does the exhaust air temperature out of it, hence Ty, (t). Applying the energy
balance to the point where the bypass line mixes with the hot flow out of the HTES, the bypass
mass flow rate, 711, (t), can be obtained as a function of Tj,(t) and T;q:

Thot (1) — T1o)

Troe©) — T (+16)

Tty () = 11 (

Therefore, fixing T, in equation (16) reduces the control problem to determining T}, (t).

mbp (t): TS

Th - Ti’lbp (t) Ti‘l, T10
> >

>

Thot (1)

Figure 4.4: A control strategy to keep the temperature of the air out of the HTES constant.

Finally, the round trip efficiency of the system is calculated on an energy basis as follows

tdischarge i
f 0 WOutput dt

NRound trip = ¢, - 2 :
J‘o discharge QHTESdt + J‘O charge chdt

(4.17)

4.4 Results

The effects of the prime pressure, P’, defined as the minimum cavern pressure and the discharge
operating pressure, are investigated in the HTH-CAES. The studies are done for an isothermal
and an adiabatic cavern. The isothermal and adiabatic cavern assumptions represent the two
possible extreme cavern conditions. An isothermal cavern is realized when the heat transfer
between the cavern and its surroundings occurs much more rapidly than the heating or cooling
due to charging and discharging. Conversely, an adiabatic cavern assumption depicts the case of
small thermal equilibration time scales within the cavern, over which the heat flow across the

cavern boundary is negligible. In reality, the cavern thermodynamic conditions lie somewhere
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between the two extremes. Finally, similar parametric studies are presented for an AA-CAES

system, with the same output power of 100MW, and the results are compared with the HTH-

CAES system.

4.4.1 HTH-CAES Results

For a fixed power output of I00MW, and for the constant parameters given in Table 3, the prime
pressure is varied and the corresponding roundtrip efficiency of the hybrid energy storage system
is calculated for various flow rates, under the assumption of an isothermal and adiabatic cavern.
As shown in Figure 5, for a specified mass flow rate out of the cavern there is an optimum prime

pressure for which the efficiency is a maximum.
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Figure 4.4: Roundtrip efficiency as a function of the prime pressure for an isothermal cavern (a), adiabatic cavern (b),

and a 100MW power output

As compared with the isothermal cavern, given by Figure 5(a), the maximum efficiency in an
adiabatic cavern, Figure 5(b), occurs at a higher prime pressure for a similar mass flow rate in

both cases. Nevertheless, the maximum round trip efficiencies for both adiabatic and isothermal
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caverns are not significantly different. For an isothermal case, the optimum prime pressure is
near 10 bar, whereas for an adiabatic case it is near 20 bar. Also, the flatness of the efficiency
curves around the optimum prime pressure covers a considerably wider range in an adiabatic
cavern compared to an isothermal cavern.

Although distinct, nominal peak efficiencies in an isothermal cavern, given by Figure 5(a), occur
within a narrow prime pressure range of about 8 to 15 bar. Also, an interesting observation in
Figure 5 is that the efficiency curves are quite flat around the optimum prime pressure,
particularly at higher mass flow rates, which could be of considerable significance when the cost
of the plant is to be optimized. The curves in Figure 5 terminate when the temperature of air into
the recuperator exceeds the turbine exhaust temperature. In this case recuperation becomes
ineffective.

With a constant output power enforced throughout this paper, the efficiency of the system, given
by equation (17), is only a function of the HTES and compressor power requirements. Therefore,
the point of maximum efficiency occurs when the sum of both HTES and compressor power
reach a minimum. The optimum prime pressure leading to maximum efficiency, in Figure 5, is
caused by the competing power requirements of the compressor and HTES. The reason behind
the optimum point of operation in Figure 5 is best described through Figure 6, which is a plot of
the HTES and compressor power requirement, given by equations (1) and (15), along with their
sum. As the prime pressure increases, the HTES heat requirement drops however the
compression power requirement increases, and their sum reaches a minimum at precisely the
optimum efficiencies in Figure 5. Figure 6 illustrates this point for a 100MW isothermal-cavern
HTH-CAES, in which the mass flow rate is 150kg/s, and through the specified constants in Table

3.
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Figure 4.5: The input power of the HTH-CAES compressor and HTES along with their sum as a function of the prime

pressure, with a mass flow rate of 150kg/s, illustrating the reason leading to an optimum efficiency in Figure 5

Fixing the prime pressure and the mass flow rate fixes the turbine inlet temperature, i.e. the
HTES exit temperature, for the specified power output. Figure 7 contains such data
corresponding to Figure 5, for both an isothermal and adiabatic cavern. The necessary HTES exit
temperature decreases with increasing mass flow rate and increasing operating pressure. The
region above the dotted horizontal line in Figure 7 entails currently infeasible turbine inlet
temperatures dictated by the metallurgical limits associated with turbine blade materials [110].
The HTES exit temperatures in an adiabatic cavern, given by Figure 7(b), is identical to those
corresponding to the isothermal case, Figure 7(a), with the exception that the temperatures are

terminated at lower prime pressures for the adiabatic case when recuperation becomes

ineffective.
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Figure 4.6: HTES exit temperature versus the prime pressure for an isothermal cavern (a), an adiabatic cavern (b), and a

100MW output power

The corresponding maximum cavern pressure as a function of the prime pressure is shown in

Figure 8. The maximum pressure increases with prime pressure and flow rate.
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Figure 4.7: Maximum cavern pressure as a function of the prime pressure for an isothermal cavern (a), and an adiabatic

cavern (b)
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As compared with an isothermal cavern, given by Figure 8(a), an adiabatic cavern, Figure 8(b),

leads to a higher maximum pressure for the same amount of stored mass.

4.4.2 Advanced-Adiabatic CAES Results

A similar formulation was utilized for the calculations of an advanced-adiabatic design, however
without an HTES and a recuperation component. In other words, the air out of the LTES
discharge heat exchanger goes directly into the power turbine, i.e. where points 8 and 10 in
Figure 1 coincide. In this analysis, the output power is also fixed at 100MW, and the same
constants provided by Table 3 are used. The output power is a function of the LTES temperature,
the prime pressure, and the mass flow rate as illustrated by equation (14). However, without an
HTES the turbine inlet temperature cannot be as easily adjusted. The LTES temperature is a
function of the maximum cavern pressure, which is a function of the flow rate and the prime
pressure as shown by equations (4) and (10). Therefore, the output power is ultimately only a

function of the flow rate and the prime pressure.
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Figure 4.8: Flow rates versus the prime pressure for an AA-CAES system of 100MW power output power, with the

assumption of an isothermal cavern for various heat capacity rate ratios The heat capacity rate ratio, C,., is defined as
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m [ . . . .. . . . .
C, = —TEITES \where is the LTES heat transfer fluid mass flow rate and ¢ is its specific heat, 71,;,. is the air
r ’ LTES LTES air

Titgir Cp air
mass flow rate and c,, ;, is its specific heat at constant pressure, as defined in Table 3.

The required flow rate as a function of prime pressure is shown in Figure 9 for various heat rate
ratios under the assumption of an isothermal cavern. As the prime pressure increases, the
required flow rate to achieve a constant output power of 100MW decreases. Curves of different
LTES heat capacity rate ratios are shown in Figure 9. For higher LTES temperatures, achieved
through lower heat rate capacity ratios, lower flow rates are required to achieve the constant
output power. The maximum cavern pressure, given by equation (10), is a function of both the
prime pressure and the flow rate. Figure 10 maps the maximum cavern pressure as a function of
the cavern prime pressure. Evidently, a minimum value exists. The reason is that the maximum
pressure is proportional to the prime pressure, as given by equation (10), and the flow rate given
by Figure 9 and the rate at which the flow rate decreases leads to the minimum cavern pressure

value in Figure 10.
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Figure 4.9: The maximum cavern pressure versus the prime pressure for an AA-CAES of a constant 100MW power

output and an isothermal cavern assumption
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The associated LTES temperature, which is a function of the maximum cavern pressure, is
shown in Figure 11. The LTES temperature increases with decreasing heat capacity rate ratio. A
minimum LTES temperature value exists as the LTES is largely influenced by the trend given by

the storage pressure shown in Figure 10.
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Figure 4.10: The LTES temperature versus the prime pressure of an AA-CAES for a constant 100MW output power and

an isothermal cavern

Finally, the associated round trip efficiency of the AA-CAES storage system as a function of
prime pressure is shown in Figure 12. Curves for various LTES heat capacity rate ratios are
plotted to illustrate the dependence of the round trip efficiency on the LTES temperature. Lower
LTES heat capacity rate ratios correspond to higher LTES temperatures and higher round trip

efficiencies.
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Figure 4.11: The round trip efficiency versus the prime pressure of an AA-CAES system for a constant 100MW output

power and an isothermal cavern assumption

In the limiting case when C,=1, i.e. when the LTES can reach the highest possible temperatures,
the round efficiency for the prime pressure of 50 bar is approximately 47%. Comparing results in
Figure 12 with those in Figures 5, it is evident that the AA-CAES has lower efficiencies
compared to HTH-CAES. There are two reasons for that: 1) throttling the cavern pressure to the
constant turbine operating pressure kills the available energy between the two pressures even
though the enthalpic content of the air remain constant. This energy could have otherwise been
extracted via an expander, and 2) the maximum temperature of the throttled process is higher in
HTH-CAES compared to AA-CAES. Throttling is often a restriction imposed by the narrow
range of optimal operation of a turbo-expander. While a positive displacement machine with
proper valve-timing control can adjust to a time-varying inlet pressure and maintain an optimal
performance, a turbo-expander performs optimally over a narrow range of inlet operating
conditions of pressure, temperature and mass flow rate. Slight deviations from the design
conditions results in a sharp decrease in isentropic efficiency of the machine. As a result,
pressure has to be regulated to the design conditions, either via a Joule-Thomson throttling

process or using an expander that is capable of taking the time-varying pressure in the cavern and
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delivering a steady-state back pressure. The studies presented above quantify the performance

envelope under throttling for both CAES’s.

4.5 Cyclic Cavern Analysis

In this section, a brief analysis of the specific entropy, and its cyclic variations, corresponding to
an adiabatic and isochoric cavern is presented. We begin the analysis by presenting the
governing equations, followed by the charge, discharge and cycle-to-cycle variations of the

cavern.

4.5.1 Governing Equations:
The general mass, energy and entropy balance equations together with the calorically perfect gas

equations of state for are given below:

dM

E = My — Moye (418)
dE , .

E = Minhin — Mouthoue + Q (419)
as )

E = MinSin — MoutSout (420)

PV = MRT (4.21)

Where

E = Me (4.22)
S = Ms (4.23)
e=C,T (4.24)
h=C,T (4.25)

Where e, & and s are the specific energy, enthalpy and entropy, and M is the mass of air in the

cavern.
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Charge: (m,,; = 0)

Expanding equation (20) and employing (18) results in the following equation for the specific

entropy in the cavern:

ds .
ME = min(sin - S) (426)

with the initial condition of
s(t=0) =s(T,,R) =s, (4.27)

Where the subscript "o” indicates initial properties of the cavern.

Discharge: (m;, = 0)

Similarly expanding equation (20) and employing (18), results in the following governing

equation for the discharge process:

ds
—Thouts + M E ES —Tf’loutS (4.28)
which, upon simplifying, yields
ds
pri 0 - s =constant (4.29)

Therefore, the specific entropy of the cavern remains constant during the discharge process.

4.5.1.1 Cyclic Variations
Coupled integration of equations (18) through (25) along with equations (26), (27), and (29)
results in cycle-to-cycle variations of the isochoric cavern. The assumed constants in this

analysis are provided in Table 4.
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Table 4.4: Cyclic Cavern Assumed Constants

Constant Value
Cavern Volume, Vgern 300,000 m’
Specific Heat of Air at Constant Pressure, C, 1 kJ/kg.K
Specific Heat of Air at Constant Volume, C, 0.718 kJ/kg K
Air Gas Constant, R 0.287 kJ/kg K
Minimum Pressure, P, 5 bar
Maximum Pressure, P« 20bar
Cavern Initial Temperature, T, 300K
Cavern Inlet Temperature, T, 300K
Mass Flow Rate, m 200kg/s
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Figure 4.12: T-s diagram of an adiabatic cavern cyclic process. The first 6 cycles of the charge and discharge process are

shown.

The result, which illustrates the cyclic variations of the cavern specific entropy, is shown in
Figure 4. As shown, the specific entropy of the cavern decreases during the charge process and
remains constant during the discharge process. This trend continues until the specific entropy in

the cavern during the charge process, becomes isentropic, beyond which point the cavern
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specific entropy does not change between cycles. As the cavern charges and discharges between
the specified minimum and maximum pressures, the temperature of the cavern reaches a final

range after approximately 6 cycles, under the constraints specified.

4.6 Discussion

The analyses presented so far are based on the assumption that pressure in the cavern
monotonically increases to the peak pressure during the charge phase and monotonically drops to
the prime pressure during the discharge phase. However, coupling the HTH-CAES with
renewables, wind and/or solar PV for example, may invalidate this assumption, as the available
power is intermittent in nature. This fact may cause the plant to discharge before reaching the
peak pressure in cavern or charge before reaching the prime pressure in cavern. This
consideration raises the following question: if an HTH-CAES system is designed for an optimum
operating pressure condition given by Figure 5, what would be the repercussions on the roundtrip
efficiency if only a portion of the total storage capacity is used? More specifically, what is
roundtrip efficiency if the storage pressure swings around P+x where P,;,,<P+x <P,u? The
answer to this question depends on the assumption/condition of the storage cavern (isothermal or
adiabatic). In the case of an isothermal cavern all components and operating conditions of the
cycle are time independent, with the exception of mass and pressure in cavern. However, the
discharge operating pressure is adjusted by the pressure-regulating valve, which maintains
constant pressure conditions. Therefore, regardless of the cavern state of charge, as long as the
same amount of mass is charged and discharged, which is the case for a given pressure swing X,
the roundtrip efficiency remains the same as the designed optimum. In the case of an adiabatic
cavern however, the answer to the question is not so obvious. The time dependent temperature of

the discharging cavern air is carried downstream, affecting all discharge components (LTES heat
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exchanger, recuperator, HTES and turbine). With constant compression and expansion power,
enforced throughout the paper, the roundtrip efficiency, equation (17), is a function of the HTES
power consumption, equation (15), which is ultimately only a function of the HTES inlet
temperature, To. The two constant temperature streams, provided by the LTES heat exchanger,
Ti6, and the recuperator, T;;, heat the discharging cavern air prior to their entrance into the
HTES, and have the effect of drastically reducing the time dependent HTES inlet temperature
variations, To. To demonstrate this effect, discharge temperatures are plotted as a function of
time in Figure 13 for a 30bar prime pressure and a 150kg/s mass flow rate, corresponding to an
optimum design given by Figure 5. In this example, the corresponding constant HTES exit
temperature is T;p=1340K, as demonstrated by Figure 7. The constant turbine exhaust

temperature is T1;=674K, and the constant LTES temperature is T16=370.5K.
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Figure 4.13: Transient discharge temperatures in the case of an adiabatic cavern, corresponding to a prime pressure of
30bar and a mass flow rate of 150kg/s. Where the HTES exit temperature is T;(=1340K, the turbine exhaust temperature
is T1;=674K, and the LTES temperature is T,,=370.5K. T is the discharging cavern air temperature, Tg is the exit air
temperature of the LTES discharge heat exchanger, and T, is the HTES inlet air temperature. All subscripts correspond

to the process diagram points given in Figure 1.
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The cavern discharge air temperature, T7, has a relatively high temperature variation throughout
the process, as shown in Figure 14(a). However, the constant temperature heating, provided by
the LTES, Ti¢, reduces the temperature variations entering the recuperator, Ts as demonstrated
by its shallower slope in Figure 14(a). Subsequently, the constant temperature heating, provided
by the recuperator, T;;, further reduces the temperature transients entering the HTES, as
demonstrated by Ty in Figure 14(b). As a result, the HTES inlet temperature variations lead to a
maximum temperature difference of about 1 kelvin, a negligible change. Therefore, the energy
consumption of the HTES remains essentially constant throughout the cycle, and the roundtrip
efficiency, again in the case of an adiabatic cavern, remains approximately the same as the
designed optimum. The calculations performed to produce Figure 14 assumed an effectiveness of
80%, as given in Table 3. It is important to note however, that the time dependent temperature
variations, Ts and Ty in Figure 13, become identically zero at 100% heat exchanger effectiveness,

where the cold exit streams become equal in temperature to the hot, and constant, inlet streams.

Another point in the analysis presented in this paper is that even though all calculations were
done for a 100 MW system, the scale of utilization of the proposed HTH-CAES and the findings
of the paper remains scalable and size independent. The proposed system can be integrated with
a wind or PV farm, given the local wind statistics, the solar irradiation data (TMY 3, for example)
and the total daily, monthly and annual energy consumption of the end users. Evidently, the farm
has to be oversized to account for times of insufficient or unavailable renewable power. It should
be noted that since the HTES operates entirely based on resistive heating (Joule heating), it
accepts any kind of electric power signal — smooth or fluctuating. It, therefore best lends itself to

integration with the intermittently available wind and solar power. When the fluctuating electric
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power is below the compressor power requirement, it is entirely converted to heat and stored in
the HTES. When it is above that threshold, the HTES acts as a filter that absorbs the fluctuations
in the form of heat and provides the compressor with a smooth power signal for proper
operation. Figure 15 schematically illustrates the idea. A proper control system would therefore
be necessary alongside the HTH-CAES system to properly distribute the intermittent input power

signal between the HTES and the compressor within an HTH-CAES plant.

: HTES Energy Input

i Compressor Energy Input

Compressor
Threshold Power

Renewable Power Signal

v

Charge Time

Figure 4.14: The distribution of an intermittent renewable power signal between thermal and compressed air storage for

proper operation of the HTH-CAES system and effective utilization of the available power

4.7 Conclusion

A 100MW power output HTH-CAES system, with specified isentropic component efficiencies
given by Table 3, was investigated. The sliding-pressure cavern is throttled in the discharge
process to a constant pressure, i.e. the prime pressure, under both isothermal and adiabatic cavern
conditions. The two assumptions were investigated as they demonstrate the two possible extreme

cavern conditions. Parametric studies of the prime pressure were investigated for both cavern
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conditions. Through the parametric study, the existence of an optimum prime pressure leading to
maximum roundtrip efficiency was found. For both isothermal and adiabatic cavern conditions,
the maximum round trip efficiency is within the same proximity, although the associated
optimum prime pressure for an adiabatic cavern is considerably higher. A 100MW AA-CAES
system was also modeled as a comparison with a throttled, isothermal, sliding pressure cavern
employing the same isentropic component efficiencies used for the HTH-CAES system. It was
found that the roundtrip efficiency of the AA-CAES system is highly dependent on the storage
temperature. In the limiting case when the heat rate capacity ratio is unity, C,=1, i.e. when the
LTES can reach the highest possible temperatures, the roundtrip efficiency for a practical yet
high prime pressure of 50 bar is approximately 47%. The roundtrip efficiency of an HTH-CAES
system with same output power of 100MW, a flow rate of 150kg/s and a prime pressure of 15bar
is about 53%. The implication of this result is that even in the case of maximum LTES
temperature, 725K, which is higher than what can be provided by currently available
compressors [111], an HTH-CAES system is more efficient by 6.5%. Future works should
include proper account of HTES heat losses during charge and discharge to quantify the
roundtrip efficiency of thermal energy storage. In addition, future works should account for

pressure losses throughout the cycle.
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Table 4.5: Chapter 4 Nomenclature

Nomenclature
LTES Low Temperature Thermal Energy Storage m Air Discharge and Charge Flow Rate
[kg/s]
HTE  High Temperature Thermal Energy Storage m Cavern Air Mass [kg]
S
Ne Compressor Isentropic Efficiency QHTES HTES Heat Input [kW]
up Turbine Isentropic Efficiency Praxadiabatic Maximum Adiabatic Cavern Pressure
[bar]
Vewer  Cavern Volume [m’] Praxisothermal Maximum Isothermal Cavern Pressure
n [bar]
P Pressure [bar] k Ratio of Specific Heats
T Temperature [bar] WOutput Output Power [kW]
s Specific Entropy [kJ/kgK] W, Compression Power [kW]
tehaarge  Charge Time u Specific Internal Energy in Cavern
[kJ/kg]
Cy Specific Heat of Air at Constant Volume R Specific Ideal Gas Constant of Air
[kJ/kgK] [kJ/kgK]
Cp Specific Heat of Air at constant pressure P’ Prime Pressure [bar], Minimum Cavern
[kJ/kgK] Pressure and Throttling Pressure
crres  Specific heat of the LTES Heat Carrier NRoundtrip Round Trip Storage Efficiency
[kJ/kgK]
Crres LTES Heat Capacity Rate [kW/K] At Time Step (Seconds)
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Chapter 5: Thermodynamic Performance and Cost Optimization of
a Modified Hybrid Thermal-Compressed Air Energy Storage

System Design

5.1 Introduction

The hybrid thermal and compressed air energy storage system is intended to provide a means of
enabling a larger fraction of renewable energy utilization, while maintaining our environmental
integrity. However, to fully utilize the hybrid energy storage system an optimization study is
necessary to maximize its performance and minimize its cost. In this chapter a modified Hybrid
Thermal and Compressed Air Energy Storage (HT-CAES) configuration is presented which has
the potential of eliminating the necessary combustion emissions in conventional CAES, and
mitigating some technical issues in the otherwise attractive CAES derivatives, such as: 1) high
storage pressures, 2) large storage volumes, 3) increased complexity, 4) strict geological
locations, 5) low energy density, and 6) high costs. In HT-CAES, part of the available energy is
spent on compressing the air, and the rest is directly converted to heat and stored in a High
temperature Thermal Energy Storage (HTES) medium. The HTES can be charged either
electrically from the grid, by the surplus of photovoltaic or wind electricity through Joule
heating, or by a high temperature fluid stream. The high temperature fluid stream could also be
either hot exhaust waste heat recovery or high temperature output of a CSP plant. Therefore the
HTES eliminates the necessary combustion in conventional CAES plants and provides a means
of substantially heating the air prior to expansion. The modified HT-CAES configuration
presented here also includes a turbocharger, on the discharge side, which provides supplementary

mass flow rate alongside the air storage. The addition of a turbocharger has the potential of
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drastically reducing the storage volume and pressure, which reduces the system complexity and

cost, in addition to eliminating the need for multistage compression and expansion.

In generally, the cost of thermal storage is substantially lower than the cost of air storage, per
kilowatt-hour [112]-[122]. However, a heat engine is theoretically lower in efficiency than a
CAES plant. Therefore, with increased reliance on thermal storage, through the turbocharger, the
HT-CAES system cost and efficiency are anticipated to decrease. The goal of this chapter is to
provide an efficiency and cost map of the HT-CAES system versus both the operating pressure
and the distribution of energy, between thermal and compressed air storage. This chapter will
illustrate and properly quantify a tradeoff that exists between the HT-CAES system cost and
performance. Both roundtrip energy and exergy efficiencies are quantified, presented, and
compared. Lastly, a local optimum-line of operation, which results in a local maximum in

efficiency and a local minimum in cost, is presented.

5.2 Methods

Figure 1 represents the HT-CAES thermodynamic cycle that is analyzed here. During the charge
process electricity from renewable sources, or the gird, is used to operate the compressor.
Simultaneously or subsequently, depending on available power during the charge process,
electricity is converted directly into thermal energy, through joule/resistive heating, and is stored
in the High Temperature Thermal Energy Storage (HTES) unit. In addition to the direct
electricity-to-heat conversion and storage, accomplished by the HTES, the heat of compression is
also stored separately in a Low Temperature Thermal Energy Storage (LTES), which is
essentially a two-tank system. Initially during the charge process, tank “a” is filled with a cold

Heat Transfer Fluid (HTF) and tank “b” is empty, shown in Figure 1. As the air is being
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compressed, tank “a” is discharged and the HTF collects the heat of compression via the LTES
charge heat exchanger. The hot HTF is then stored in tank “b” for later use during the discharge
process. During the discharge process, air is released from the cavern/tank and subsequently
maintained at a constant process pressure, via Joule-Thomson throttling, through the pressure-
regulating valve. The process pressure is herein referred to as the prime pressure. The
temperature of the discharging air is then raised through three successive stages of heating before
entering the expander: LTES, regenerator, and HTES. Additionally during the discharge process,
a turbocharger is utilized which provides supplementary mass flow rate alongside the air storage.
This has multiple advantages: 1) the storage system does not purely rely on the mass flow rate
provided by the cavern 2) the necessary storage volume can be significantly reduced, which
alleviates the restriction on geological locations 3) storage pressures can be drastically reduced,
which has profound impacts on the lifetime, reliability and practicality of implementation 4) the
cost of the system can be considerably reduced, as the system cost becomes leveraged by the

price of thermal storage, which is typically cheaper than CAES [123].
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Figure 5.1: Patented Hybrid Thermal and Compressed Air Energy Storage Process Diagram [124]

Throughout this paper, the prime pressure, Pprime, is defined as the minimum air storage
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pressure and the discharge operating/process pressure, adjusted by the pressure-regulating valve.
Hence, the prime pressure delineates the expansion and compression ratios of the turbine and
turbocharger compressor, which dictates their exhaust temperatures T, 4, T;7 shown in Figure 1.
Therefore, the placement order of the regenerator, LTES discharge heat exchanger, and
turbocharger junction on the discharge side of Figure 1 is one possible configuration. In this
analysis however, depending on the chosen prime pressure, the configuration order of the LTES
discharge heat exchanger, regenerator, and junction, is rearranged such that successive heating is

always attained.

5.2.1 Problem Statement

As described, the novel hybrid storage system presented here allows a portion of the available
energy, from the grid or renewable sources, to operate a compressor and the remainder to be
converted and stored directly in the form of heat by the HTES. The premise of this paper is to
optimize this distribution of energy between compressed air energy storage and thermal energy
storage for maximum efficiency, and for minimum cost. To properly quantify the distribution of
energy between thermal and compressed air energy storage we define the variable 8, which
represents the fraction of energy converted and stored in the form of heat through the
HTES, Qurgs, over the total amount of energy stored in the system; the energy of

compression, Weomp, plus electricity-to-heat conversion and storage, Qyrgs.

_ QHTES
WComp + QHTES

B (5.1)

The optimization analysis is achieved through a parametric study of the energy allocation
fraction, defined by B, and examining its affects on the performance, cost, component sizing, and

various other parameters that characterize the hybrid storage system. In addition to B, the prime
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pressure is also investigated as its variation leads to important and conclusive design guidelines.

5.2.2 Assumptions

Pressure losses within the pipes were not taken into account and all components, besides the air
storage and HTES, are assumed to operate quasi-steadily during charge and discharge. The
rational is that the residence time within these components is much shorter than charge and
discharge time scales, indicated in Table 1. Also, heat capacities are assumed to be temperature
independent and isentropic component efficiencies are incorporated. Table 1 summarizes the

additional constants used throughout the investigation presented here.

Table 5.1: Thermodynamic Constants

Property Value  Units Description

P, 1 Bar Atmospheric Pressure

T, 300 K Atmospheric Temperature

P, 20 Bar Maximum Air Storage Pressure

T, 300 K LTES Inlet HX Temperature During Charge

Tz 1000 K Turbocharger Inlet Temperature

T min 1000 K HTES Primed/Initial/Minimum Temperature

T max 1600 K HTES Maximum Temperature (End of Charge)

teharge 6 Hours Charge Time

taischarge 6 Hours Discharge Time

Woutput 100 MW Power Output Provided by the System

€4,LTES 0.8 - LTES Discharge Heat Exchanger Effectiveness

€c,LTES 0.8 - LTES Charge Heat Exchanger Effectiveness

Ne 0.75 - Compressor Isentropic Efficiency

MNbcomp 0.75 - Turbocharger Compressor Isentropic Efficiency

N 0.8 - Turbine Isentropic Efficiency

Nr 0.8 - Regenerator Effectiveness

C HTES 0.88 kJ/kg K Specific Heat Capacity of HTES

R 0.287  kJ/kg K Specific Gas Constant of Air

Cy 0.718  kJ/kg K  Specific Heat Capacity of Air at Constant
Volume

Cp 1 kJ/kg K Specific Heat Capacity of Air at Constant
Pressure
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It is imperative to note that the maximum air storage pressure, P,=20bar, assumed in this

analysis is considerably lower than that of conventional (~70bar) and advanced adiabatic

(>70bar) compressed air energy storage systems. A detailed outline of the calculations made for

each component in the cycle is presented next; this includes all significant equations and any

component specific assumptions.

5.3 Calculations

The general mass and energy balance equations together with the calorically perfect gas

equations of state are given below:

am . .
dt = Min — Moyt
dE . .
Frie Miphin — Moythoue +Q —W
PV = MRT
Where
E = Me
e =c,T
h=c,T

(5.2)

(5.3)

(5.4)

(5.5)
(5.6)

(5.7)

Where e and £ are the specific energy and enthalpy, and M is the mass of air. The isentropic

relation, for an ideal and calorically perfect gas, relating pressure and temperature is below

k-1
k

T, _ <P2>
T, \P,
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5.3.1 Compressor

A constant compression ratio and flow rate is assumed in the compressor model. Additionally,
adiabatic conditions are assumed, which result in a constant compression power with a mass
flow rate given by equation (9). The compression mass flow rate, given by equation (9), is
obtained by utilizing an energy balance, equation (3), and the calorically perfect and ideal gas
relation given by equations (7) and (8).

. Tc
mcharge = k—1
P\ &k

CpTl ((P_i) - 1) tcharge

Where 7, is the isentropic compressor efficiency, k is the ratio of specific heats for air, P, and P;

Weomp (5.9)

are the maximum air storage and ambient pressures respectively, T; is the ambient temperature,
cp 1s the specific heat of air at constant pressure, and t¢pqrge 18 the charge time. Lastly, W oy, 18
the total allocated compression energy, which is a function of j3; therefore the charge mass flow
rate, given by equation (9), is also a function of . The coefficient of Wiy, in equation (9) is a
constant, the value of which can be obtained through the constants in Table 1. The compressor
exhaust temperature is obtained by utilizing the isentropic compressor efficiency, defined as the
ratio of isentropic work over actual work, the isentropic relation given by equation (8), and the

calorically perfect gas equation (7), resulting in equation (10)

Tz == + Tl (5.10)

5.3.2 LTES

The Low Temperature Thermal Energy Storage (LTES), as explained previously, is a two-tank
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system containing and circulating a Heat Transfer Fluid (HTF), which collects the heat of
compression during charge, and withdraws the heat during the discharge process. Tank ‘a’ is
assumed in thermal equilibrium with the environment and tank ‘b’ is assumed adiabatic, shown
in Figure 1. Utilizing the constant heat exchanger effectiveness, . ;rgs, provided by Table 1, and
an energy balance, through equation (3) and (7), the inlet and exit LTES heat exchanger
temperature streams, corresponding to points 3 and 5 in Figure 1, can be obtained and are given

by equations (11) and (12)

T; =T, — Sc,LTEs(Tz -T,) (5.11)
m c
Ty = —0ICP (T, _T,)+T, (5.12)
Mc 1 7ESCLTES

Where m ;rgs 1s the LTES charge mass flow rate and ¢, rgs is the specific heat of the HTF. All
subscripts correspond to the process diagram in Figure 1. The heat capacity rate of the air and
LTES HTF are assumed equal. Moreover, tank ‘b’ is assumed adiabatic, therefore T5=T, in
Figure 1. The temperatures in the vicinity of the LTES discharge heat exchanger and the
regeneration component are calculated similarly, by applying an energy balance, assuming

adiabatic conditions, and considering the heat exchanger effectiveness provided in Table. 1.

5.3.3 Air Storage

The air storage volume is calculated through an energy balance assuming an adiabatic, ideal, and
calorically perfect gas. Utilizing equations (3)-(6) it can be shown that during the charge process
the necessary air storage volume, which operates at a specified pressure swing, AP = P, —

P,

primes 18
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kRTst _
VAir Storage — P _; o mcharge (513)
2

prime
Where Ppyime is the minimum storage pressure and P, is the maximum storage pressure, given in
Table 1. The calculated results given by equations (9) and (11) are used to determine the air
storage volume in equation (13). The mass flow rate, given by equation (9), is a function of the
energy fraction, B, therefore the air storage volume, specified by equation (13), is also a function
of B. The air storage discharge mass flow rate is determined through an energy balance assuming
an adiabatic, ideal, and calorically perfect gas. Utilizing equation (3)-(6), where M, is the initial

stored air mass determined through the ideal gas equation (4), it can be shown that

(5.14)

1
. _ Mo + tchargemcharge Pprime k
Myischarge = 1-

tdischarge

The air storage is initially assumed at a specified prime pressure, Pprime, and ambient
temperature. The air storage is inherently transient therefore the time dependent temperatures
and pressures must be calculated as the discharging air passes through the various downstream
components. Through the mass and energy balance, equations (2) and (3), together with the
calorically perfect gas equations of state, given by equations (4)-(7), the following discretized
equations are used to determine the time dependent temperature and pressure of the discharging
air

M@)u(t) M((t+ At) — M(t)

u(t + At) = M(t + AD) + M(t + AD) h(t) (5.15)
T(t+At) = @ (5.16)
P(t+At) = p(t+At)-R-T(t + At) (5.17)
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The initial temperature of the discharging air is found by incorporating the ideal gas law given
the specified maximum pressure in Table 1, the calculated volume from equation (13), and the
total stored mass. The air storage is discharged until the specified prime pressure, Ppyime, 1S

reached.

5.3.4 Turbocharger

The purpose of the turbocharger is to provide supplementary mass flow rate, at the junction in
Figure 1, in addition to the discharging cavern/tank flow rate. The total discharge flow rate,
which enters the HTES and turbine, is therefore the sum of both discharging cavern/tank mass
flow rate plus supplementary mass flow rate provided by the turbocharger. Through an energy
and mass balance, on a control volume containing the turbocharger and power turbine, the total

necessary discharge mass flow rate is obtained and is given by equation (18)

Woutput - mdischargecp (T17 - Tl)
Cp (T1p — Tia) — cp(Ti7; — T1)

i, = (5.18)

Where Woutput, T2, T; and ¢, are constants specified by Table 1, and M giscparge 1 given by
equation (14). The compressor and turbine exhaust temperatures, T;, and T;,, are obtained by
employing the isentropic compressor and turbine efficiencies given in Table 1, similar to the

procedure which arrived at equation (10).

5.3.5 HTES
The high temperature thermal energy storage (HTES) is inherently a transient component.
However, the HTES can be designed to deliver a constant temperature, necessary for optimal

operation of a turbo-expander, through bypassing a portion of the cold inlet air with the hot flow
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exiting the HTES, as shown in Figure 1. Applying the energy and mass balance to the point
where the bypass line mixes with the hot flow out of the HTES, the bypass mass flow rate,

1y, (1), can be obtained as a function of Ty, (t) and T} ,:

Ty0(t) — Ty
"Tyo(t) — Ty1(t)

Ty, (t) = 1 (5.19)

Where T,,(t) is the time dependent temperature of the HTES. For simplicity, and as a first order
approximation, a lumped capacitance approximation is used to model the HTES, where no
temperature gradients exist within the HTES. Additionally it is assumed that at each instant of
time during the discharge process the exit air temperature is equal to the instantaneous HTES

temperature. The amount of energy allocated to the HTES, Qg yrgs, is used to size its mass such

that its maximum specified temperature is reached at the end of charge as follows

Qp uTES

(5.20)

Myrgs =
CHTES (Tmax - Tmin)

The total energy that must be stored by the hybrid storage system, to deliver the constant energy
output specified in Table 1, must be iteratively solved at each specified B. This is because the
sought-after efficiency of the system is inherently a function of  as made clear by equation (21)

Eoutput
Einput(ﬁ) = m (521)

The first law efficiency, or equivalently the roundtrip energy efficiency, 7;, is defined as the total
output energy over the total input energy, thermal plus compression. Ejppy,e and Egyppy. are the

total input and output energies. The bisection method is used to iteratively solve for the

necessary input energy, such that the final HTES temperature, at the end of discharge, reaches
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precisely the minimum value specified in Table 1.

5.3.6 Roundtrip Energy and Exergy Efficiencies
The roundtrip energy efficiency (1% law efficiency) of the system is defined on an energy basis

as the total output over total input energy as shown by equation (22).

— fWoutput dt
f VVcompdt + f QHTES dt

ul (5.22)

Similarly, the roundtrip exergy efficiency (2" law efficiency) is defined as the total output over

total input exergy, as shown by equation (23).

_ fWoutput dt
com — 1o/ HTES)YHTES
S Weompdt + [(1 = Ty /Tyres) Qures dt

N (5.23)

The exergy associated with compression and expansion is equivalent to their energy values,
assuming adiabatic conditions. However, the exergy associated with heat transfer in the HTES is
determined by the second term in the denominator of equation (23). For simplicity, assuming no
temperature gradients within the HTES and a constant input electrical signal, the exergy
associated with heat transfer can be calculated by first determining the HTES temperature,
Tyrgs, during the charge process using the energy balance equation (3). Performing the
Integration in equation (23) and utilizing the 1* law efficiency and P definitions, through
equation (22) and (1), results in equation (24)

_ Ui
T =127 BIn (1 + 6/Toi) /8

(5.24)
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Where T, is the ambient temperature, Ty, 1S the minimum HTES temperature, and § is the
maximum HTES temperature difference, § = T ax — Tmin- The 2" law efficiency of the system,
equation (24), is presented conveniently as a function of the 1* law efficiency, n;, the energy
distribution fraction, 8, and the HTES periphery temperatures. By observing the 2™ law
efficiency, equation (24), it becomes immediately apparent that all variables in the denominator
are positive. Therefore, the 2™ law efficiency is always greater than or equal to the 1% law

efficiency, n;; = n;, which is consistent with the exergy efficiency of heat engines.

5.3.7 Cost Functions
The following cost functions, based on thermodynamic variables, are used to determine the

purchase price of the compressors and turbines [125], [126].

~ 39.5 i
Scompressor = €1 r_ncrcln (TC) (525)
~ 266.3 M
Zturbine — C1 mln (Te)(l + exp(O.O36Tin1et - 544C2)) (526)
' t

Where 7, and 7,, are the compression and expansion pressure ratios and the constants, c;=1.051
c,=1.207, reflect costs reported by the Gas Turbine World Handbook [125], [126]. The cost of
air storage through an above ground tank typically scales with volume and pressure, however,
with a fixed maximum pressure throughout this study, the cost function for a tank as a function
of volume, based on multiple vendors (Fjords Processing, KS Industries, Modern Custom
Fabrication Inc.), is below

E‘Air Storage — 1000 Vtank (527)
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The cavern cost function, based on volume, is shown below [23]

EAir Storage — 3.75x107 + 62 Vcavern (528)

In this analysis the cheapest air storage architecture, based on the above cost functions, is
utilized. Lastly, the HTES is an alumina-based refractory with a material purchase cost, based
on mass and determined through various vendors (Resco Products, Harbison-Walker
Refractories), given by the cost function below

Entes = 2.2Myrgs (5.29)
In addition to the above cost functions, a factor of 1.25 is multiplied to account for the remaining
heat exchangers, pipes, valves, LTES HTF and tanks. The total system capital cost per kilowatt-

hour is given below

$
Cost lm

_ (:'compressor—l + ':compressor—z + Zturbine—1 + Sturbine—2 + SAir Storage + ‘:‘HTES)X]--25
B E

(5.30)

output

Where two compressor and turbine cost functions are considered, as evident by Figure 1. The
denominator represents the total delivered energy, obtained by multiplying the total discharge

time by the constant output power, as specified in Table 1.

5.4 Results
As stated in the Problem Statement section 2.1, the premise of this study is to investigate the
performance and cost of the hybrid energy storage system as the energy distribution between

thermal and compressed air energy storage is varied. The distribution of energy is quantified
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through the variable f3, equation (1). The extreme case of B=100% results in pure thermal energy
storage, as no energy is allocated towards compression, and the air storage does not receive or
provide any air mass flow. Therefore, in the case where B=100% the process diagram, in Figure
1, becomes a regenerative brayton cycle. Conversely, the case of f=0% results in pure
compressed air energy storage, with no energy allocated to the HTES. In addition to analyzing
the ramifications of f on the performance and cost of the system, the prime pressure is also
investigated. The prime pressure, Ppyime, represents the minimum air storage pressure and the
discharge operating pressure, which is adjusted through the pressure-regulating valve, as shown
in Figure 1. The two variables under investigation B and P,,im, are of particular interest as their

variation lead to noteworthy and definitive design guidelines.

5.4.1 Roundtrip Energy and Exergy Efficiencies

The roundtrip energy efficiency (1% law efficiency) map of the HT-CAES system, and its
corresponding contour plot, is provided in Figure 2. As stated previously, in the extreme limit of
B=100%, where the energy is stored purely in the form of heat through the HTES, the hybrid
storage system becomes a regenerative brayton cycle. Moreover, in a regenerative brayton cycle,
with a constant power output and turbine inlet temperature, there exists an optimum operating
pressure (prime pressure, Pp.ime) leading to maximum energy efficiency. This is equivalent to,

and validates, the profile in Figure 2 at f=100%.
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Figure 5.2: HT-CAES roundtrip energy efficiency map as a function of the energy distribution fraction, p, and the prime

pressure, Py ine. The dotted line represents the direction of increasing efficiency (efficiency gradient, V(B, P prime)),
which begins at the optimum design point of a regenerative brayton cycle (at 8 = 100%).
As the operating pressure increases, at f=100%, eventually regeneration becomes ineffective as
the turbine exhaust temperature falls below the turbocharger compressor exhaust temperature. At
which point regeneration is disengaged and a classical brayton cycle is employed at higher
operating pressures, resulting in slightly higher efficiencies, nevertheless, eventually leading to
zero efficiency. A brayton cycle at a constant turbine inlet temperature of 1000K, power output
of 100MW, and isentropic efficiencies corresponding to the constants in Table 1, reaches an
efficiency of zero at an operating pressure of 11.3bar and is not operational for higher operating
pressures. In general, the efficiency of the hybrid storage system increases with decreasing f3; as
the reliance on compressed air storage increases. This is because a hybrid CAES system is
theoretically more efficient than its corresponding brayton cycle counter part. Additionally,
CAES systems are generally not bound by the Carnot efficiency, as is the case for heat engines.
Furthermore, as B increases, a larger fraction of the discharge flow rate is provided by the
turbocharger, which introduces additional isentropic component efficiencies that impede the

roundtrip energy efficiency of the system. The efficiency of the hybrid storage system increases
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with the operating pressure at the lower end of the B spectrum, corresponding to higher
compressed air storage dependence, as illustrated in Figure 2. The reason behind the monotonic
increase in efficiency with operating pressure, at lower B values, stems from the accompanying

decrease in throttling losses and exhaust temperatures.

At B values below 40%, the amount of energy allocated towards the HTES becomes too low for
proper operation. This is because the HTES mass, which is calculated based on the specified
temperature swing in Table 1, decreases with decreasing f3; as the energy allocated for thermal
storage decreases. Eventually, the HTES mass becomes too low and drops below the minimum
specified temperature at the end of discharge, and therefore cannot bear the total discharging
flow rate. Hence,  values below 40% are not investigated. Beginning with the optimum prime
pressure of a regenerative brayton cycle, at B=100% in Figure 2, and moving along the direction
of increasing efficiency or efficiency gradient, results in the dotted line shown in Figure 2. Any
perpendicular deviation along this efficiency gradient results in a lower efficiency than otherwise
achievable. The significance of this efficiency gradient curve will be demonstrated and revisited

when discussing the capital cost of the system, in section 4.3.

The roundtrip exergy efficiency (2 law efficiency) contour map of the HT-CAES system is

provided in Figure 3.
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Figure 5.3: HT-CAES roundtrip exergy efficiency contour map as a function of the energy distribution fraction, f, and

the prime pressure.

The HT-CAES exergy efficiency is always greater than its energy efficiency, a result that is
consistent with heat engines. The energy and exergy efficiencies become coincident in the
limiting case of a very large HTES temperature swing, § = Ty0x — Timin» @s indicated by
equation (31).

(%1_{{310 N =M (5.31)
Therefore, the minimum exergy efficiency is equal to its corresponding energy efficiency,
N11min = M- This is due to the increase in internal irreversibilities associated with mixing losses
in the HTES at a high temperature swing; a result that is undetected through the first law analysis
and efficiency. Conversely, the largest difference in 1% and 2™ law efficiencies (in other words,
the maximum exergy efficiency for a given energy efficiency) occurs in the limit of a very low
HTES temperature difference, meaning the HTES remains isothermal, and internal

irreversibilities associated with mixing losses are eliminated, as shown by equation (32)
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5—-0 M

T (5.32)

Tmin

Further increase in their difference occurs for 1) high £ values, and 2) at lower HTES
temperatures. Since the exergy efficiency is defined as a comparison of the system performance
to the ideal case, at high f§ values the system is utilizing a lower quality of energy (heat),
therefore for the same energy efficiency the result is higher exergy efficiencies. In the limit that
6 = Tyax — Tmin = 0, by definition this means the HTES remains isothermal, Ty,;, = Tinax =
Tyres.- As a mathematical consequence, with a lower HTES temperature the second term in the
denominator of equation (23) is at a minimum, which leads to maximum exergy efficiency for a
given energy efficiency. However, the physical meaning can be explained as follows: at a low
HTES temperature the system is utilizing a lower quality of heat, therefore for the same energy

efficiency the result is higher exergy efficiencies.

5.4.2 Component Sizing

The various mass flow rates of the system, the air storage volume, and the thermal storage mass
are presented in this section. The charge and discharge mass flow rates into and out of the
cavern/tank are plotted, in Figure 4, as functions of the prime pressure and the energy
distribution fraction. The charging mass flow rate, into the air storage, is identically zero at
B=100% as no energy is allocated and stored in the form of compression, Figure 4. In general,
the charge mass flow rate increases with decreasing B as more energy is allocated towards
compressing and storing air. In addition, at higher roundtrip efficiencies the amount of output
power per kilogram of air is also higher; meaning, for a constant power output the necessary
mass flow rate is lower. Consequently, at the lower end of the B spectrum, the charge mass flow

rate decreases with prime pressure, as a result of the increase in efficiency, as evident by Figure
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2 and 3. The discharging mass flow rate provided by the air storage is nearly identical to the
charge mass flow rate, as the air storage is assumed adiabatic. Therefore, the trends of the
discharging mass flow rate, as a function of B and the prime pressure, are the same as those
described previously for the charging flow rate. The analysis performed here is of the first cycle,
however after several cycles the air storage no longer experience cyclic variations, at which point

the charge and discharge mass flow rates become identical.
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Figure 5.4: HT-CAES air storage, charge and discharge, mass flow rates as a function of the energy distribution, §, and

the prime pressure

The turbine and turbocharger mass flow rates are plotted in Figure 5 as functions of the energy
distribution fraction and the prime pressure. As depicted by Figure 5, the turbine mass flow rate
generally decreases with decreasing . Moreover, the turbine mass flow rate, at the higher
spectrum, reaches a minimum value as a function of the prime pressure and decreases with
increasing prime pressure at the lower B spectrum. The turbine mass flow rate resembles the
opposite trend depicted by the roundtrip efficiency. This is because the total and necessary mass
flow rate through the turbine is largely influenced by the roundtrip efficiency of the system. The

total mass flow rate is inversely proportional to the roundtrip storage efficiency, since the total
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power output per kilogram of air is higher at regions of higher efficiency, which for a constant
power output results in lower mass flow rates. Conversely, the total power output per kilogram is
lower at regions of lower efficiency, which for a constant power output results in higher

necessary mass flow rates.
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Figure 5.5: HT-CAES turbine and turbocharger, mass flow rates as a function of the energy distribution, , and the prime

pressure

The necessary turbocharger mass flow rate, in general, decreases with decreasing B values. By
definition, as B decreases the reliance of the flow rate on the turbocharger decreases as the air
storage provides a larger fraction of the total flow rate. The turbocharger mass flow rate map is
largely influenced by the total turbine mass flow rate, as it is defined as the difference between

the total and the stored air discharge mass flow rate.
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Figure 5.6: HT-CAES air storage volume and thermal storage mass as a function of the energy distribution, f, and the

prime pressure

The air storage volume, Figure 6, generally increases with decreasing f; this is because the
reliance on the compression energy increases with decreasing . At f=100%, the air storage
volume is identically zero, as the system evolves into a regenerative brayton cycle. As B values
decrease from 100%, the volume increases with the prime pressure and the total compression
energy, as depicted by equation (13). The compression energy, for a fixed p value, is inversely
proportional to the roundtrip efficiency of the system. Therefore the air storage volume, at
constant f3, is proportional to the prime pressure and inversely proportional to the roundtrip
efficiency of the system. The competition between the efficiency of the system and its prime
pressure leads to a minimum air storage volume illustrated in Figure 5, for a fixed B value,

particularly at the lower B spectrum.

The HTES mass is plotted in Figure 6 as functions of the prime pressure and . More energy is
allocated towards thermal storage with increasing B. Therefore in general, the HTES mass

increases with B in order to achieve the specified and constant HTES temperature swing in each
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cycle, as shown in Figure 6. For a fixed value of B, at the higher end of its spectrum, the HTES
mass given in Figure 6 reaches a minimum as a function of the prime pressure. The prime
pressure leading to a minimum HTES mass coincides with that of maximum efficiency, in Figure
2. As the prime pressure increases, the HTES mass also increases due to the decrease in system
efficiency; therefore more energy must be stored as higher turbine mass flow rates are employed
to obtain the constant output energy during each cycle. Inversely, at the lower end of the B
spectrum, the efficiency of the system increases with prime pressure, therefore the total

discharge flow rate and the total necessary HTES mass decrease with increasing prime pressure.

5.4.3 Capital Cost

The total cost of the storage system per unit of delivered energy, equation (27), is shown in
Figure 7. The roundtrip efficiency and air storage price have a dominant influence on the system
capital cost, as the air storage price per unit volume is much higher than the HTES cost per unit
mass, and the efficiency dictates the necessary storage sizes. Therefore in general, the cost
increases with decreasing efficiency and increasing storage volume. At f=100%, where the air
storage volume is identically zero, the cost is purely that of the HTES and its corresponding
machinery cost per kilowatt-hour. As the system efficiency decreases, with increasing prime
pressure at =100%, the necessary HTES mass and flow rates, Figure 4 & 5, increase drastically
resulting in higher cost. As B decreases, the air storage price begins to influence the system cost
as its necessary volume increases. At 3 values very near 100%, a tank is more cost effective than

a cavern, however caverns become more cost effective very quickly as B is decreased from

100%.
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Figure 5.7: HT-CAES cost ($/kWh), equation (27), as a function of the energy distribution, , and the prime pressure. The
dotted line represents the direction of increasing efficiency (given in Figure 2), which begins at the optimum prime
pressure of a regenerative brayton cycle (at f# = 100%).

Revisiting the efficiency gradient in Figure 2, and overlapping the efficiency gradient on the cost
map results in the dotted line, labeled “Efficiency gradient”, in Figure 6. As was demonstrated by
Figure 2, any perpendicular deviation from this efficiency gradient results in a lower efficiency
than otherwise achievable. Additionally however, the cost map given by Figure 6 demonstrates
that perpendicular deviations from this efficiency gradient also result in a higher cost. Therefore,
the efficiency gradient provides a local optimum design region resulting in maximum efficiency
and minimum cost. Any deviation perpendicular to the efficiency gradient line results in a higher
cost and lower efficiency than otherwise achievable, therefore areas away from this line can be

regarded as poor design regions that should be avoided.

In general, the cost of the hybrid storage system increases along the efficiency gradient, or along
the local optimum line of operation. In other words, as the reliance on thermal energy storage is

increased the cost of the system is decreased, as the system cost becomes leveraged by the cheap
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thermal energy storage cost. The addition of the turbocharger provides a means of heavily
relying on thermal storage, as its additional mass flow rate reduces the reliance on the air storage.
Therefore, there exists an inherent trade-off in the hybrid storage cost and efficiency as a
function of the energy distribution. The desired point of operation along the efficiency gradient,
or the local optimum line of operation, depends on the specific energy application, which the
hybrid storage system must integrate with. Energy application priorities are not unique; these
priorities may include cost, efficiency and footprint. The efficiency gradient line provides a
means of adjusting the system characteristics to meet various application priorities without a
change in system capacity. However, tradeoffs between efficiency, cost, and footprint are
inherent in the system and quantified through the efficiency, size, and cost maps provided by
Figures 2, 5, and 6. A lower system cost and footprint results in a lower efficiency,
corresponding to higher thermal energy storage allocation (large B values). On the contrary,
higher system efficiency requires a higher capital cost and a larger footprint, corresponding to

higher compressed air energy storage allocation (lower B values).

It is imperative to note the existence of a local minimum and maximum in cost along the
efficiency gradient, at the lower end of the B spectrum, given by Figure 7. This is caused by the
local minimum in storage volume, shown in Figure 5, as a function of the prime pressure at
lower B values. The slopes in the vicinity of the local minimum and maximum in cost are quite
gradual. Additionally, any further increase in efficiency at f=40%, at the lower end of the
efficiency gradient in Figure 7, would require an increase in the prime pressure which would
further increase the cost of the system. Therefore, the optimal global maximum and minimum in

cost and efficiency reside at the ends of the local optimum line of operation.
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5.5 Discussion

The capital costs of various grid-scale energy storage systems are widely available in the
literature. Table.2 provides a summary of the minimum, average, and maximum reported capital
cost values of various available grid-scale energy storage technologies, along with the calculated

HT-CAES system cost for comparison.

Table 5.2: Reported capital costs of various grid-scale energy storage systems, from the literature [127]

Energy Storage Capital cost, per unit of storage capacity ($/kWh)
Technology Minimum Average Maximum
CAES 249 312 330
Flywheel 2,201 5,701 29,808
Li-ion battery 546 649 666
Supercapacitors 822 910 1,018
Hydrogen 474 642 927
HT-CAES 65 - 200

The minimum hybrid thermal-compressed air energy storage (HT-CAES) system capital cost, in
Table 2, corresponds to f=100%, which results in pure thermal storage. The maximum HT-
CAES capital cost value corresponds to B=40%, where the turbocharger is essentially turned off
and the system resembles that of a conventional CAES design. Moreover, the performance of a
conventional CAES system is identical to that of an HT-CAES system at f=40%, assuming a
similar storage pressure and turbine inlet temperature. As evident through Table 2, the HT-CAES
system is reasonably competitive from a capital cost perspective, as the HT-CAES system cost is
leveraged by the cheap thermal storage. The CAES capital cost range in Table 2 is that of a
conventional design. The cost of an advanced adiabatic CAES system is typically higher than
that of a conventional system due to its need for multistage compression and expansion [38].

Additionally, the performance of an AA-CAES is typically lower in efficiency than that of
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hybrid system, assuming throttling losses exist, due to its strong dependence on the temperatures
captured by the generated heat of compression. In the presence of throttling losses and internal
irreversibilities, realistic AA-CAES efficiencies range from 28%-47% depending on the
temperature limit provided by the generated and stored heat of compression [38]. Therefore, the
HT-CAES system provides a competitive design compared to conventional CAES systems and
its advanced adiabatic derivative. Moreover, HT-CAES provides a means of adjusting to various
footprint and cost requirements, without compromising the storage capacity. It is important to
note that further performance improvements, in the HT-CAES system, are possible. As noted in
the capital cost section 4.3, the HT-CAES system cost is dominated by the air storage price.
Therefore, incorporating intercooling and reheating components can reduce the necessary
compression power and increase the potential for regeneration. Thereby improving the
performance of the HT-CAES system without a substantial increase in its capital cost per unit of

storage capacity.

Although batteries, flywheels, and supercapacitors generally have higher energy efficiencies,
their costs are substantially higher than CAES systems. In addition, their lifetime, energy
capacity and discharge times are typically lower than CAES systems. These parameters, among
others, play a key role in determining the suitable applications that an energy storage technology
may provide within the electrical grid. With their unique strengths and weaknesses, it is unlikely
that a sole energy storage technology will provide a universal solution. On the contrary, each
available energy storage technology may provide an exclusive solution to a specific
grid/renewable-integration application. A good metric for comparing various forms of energy

storage is the levelized cost of electricity (LCOE), as it considers the energy efficiency, lifetime,
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capital cost, and maintenance cost of the system. Therefore, in future work, further insight can be
gained by comparing the HT-CAES system with various other forms of energy storage from an

LCOE perspective.

5.6 Conclusion

A novel hybrid thermal and compressed air energy storage configuration is developed which has
the potential of eliminating combustion emissions and drastically reducing the storage pressure,
volume, and cost as compared with conventional CAES and its derivatives. The addition of both
thermal energy storage and a turbocharger have the effect of significantly leveraging the cost of
the system, as supplementary mass flow rate is provided along side the stored air, and the cost of
thermal storage is considerably cheaper than air storage. The reduced system cost, however,
comes at the expense of a reduced efficiency, as the performance of heat engines are bound by
the Carnot limit and compressed air energy storage, theoretically, has no such constraint. The
hybrid system provides the flexibility of adjusting to a myriad of storage volumes based on
available geological restrictions. In addition, the hybrid storage system performs best at low
storage pressures, which reduces the complexity as it alleviates the need for multistage
compression and expansion. The thermodynamic optimization results provide the operational
efficiency, cost and storage sizing (thermal and air volume) maps, which can be used as a
reference in future development endeavors. In addition all mass flow rate maps are provided,
which dictate the necessary machinery sizes. The operational flexibility of HT-CAES is
particularly useful as the priorities of various energy applications are not unique, these priorities
may include cost, efficiency, and footprint. The hybrid CAES system possesses a wide range of
possible operations, without a compromise in its storage capacity, which may prove useful as we

move towards a sustainable future.
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Table 5.3: Chapter 5 Nomenclature

Nomenclature

HT-
CAES
HTES

-3 XD NVOQE ™

=S O 0
~ <
~
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%)

Hybrid Thermal Compressed Air Energy
Storage

High Temperature Thermal Energy
Storage

Expansion Pressure Ratio

Energy Distribution (equation 1)

Energy of Compression or Expansion
Power of Compression or Expansion
Heat Energy

Heat Power

Pressure

Temperature

Density

Mass

Mass Flow Rate

Time of Charge or Discharge

Specific Heat of Air at Constant Volume
Specific Heat of the LTES HTF
Roundtrip Energy Efficiency (1* Law
Efficiency)

LTES

HTF

8 >0 Im o < = M 3

)
=

+ Q
T
S
[e5]
%)

N

Low Temperature Thermal Energy
Storage
LTES Heat Transfer Fluid

Compression Pressure Ratio
Component Efficiency

Heat Exchanger Effectiveness

Ratio of Specific Heat of Air

Volume

Ideal Gas Constant of Air

Energy

Specific Energy

Specific Enthalpy

Specific Internal Energy

Component Cost Function

Specific Heat of Air at Constant Pressure
Specific Heat of the HTES

Charge or Discharge Time

Roundtrip Exergy Efficiency (2™ Law
Efficiency)
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Chapter 6: Performance of The Hybrid Compressed Air Energy

Storage System at Minimum Entropy Generation

6.1 Introduction

The optimization of a hybrid thermal-compressed air energy storage system, unlike heat engines,
has not been devoted any attention. Conversely, the optimization of heat engines has been
investigated quite extensively [128]-[146]. Numerous optimization criterions have been
examined to analyze the performance of common heat engines [147-151]. However such
analysis has not been employed on a hybrid thermal-compressed air energy storage system.
Common optimization variables investigated in the literature for power cycles are thermal
efficiency, output power, entropy generation, and ecological function [152]. The Gouy-Stodola
theorem states that maximum output work coincides with minimum entropy generation. For heat
engines, the maximum efficiency and maximum output power do not necessarily coincide. In a
regenerative Brayton cycle, maximum work and maximum efficiency correspond to the same

design point only at recuperator effectiveness of fifty percent. [153].

The main objective of this chapter is to investigate the performance of an isobaric hybrid thermal
and compressed air energy storage system at the point of minimum entropy generation, which
has not been formerly reported. Both the energy and exergy efficiencies are examined and the
optimum design points leading to their maxima is compared with the design point corresponding
to minimum entropy generation. The premise is to determine whether minimization of entropy
production is equivalent to optimal performance conditions. Additionally, a discussion is

provided that demonstrates the criterion at which the maximum energy efficiency and maximum
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exergy efficiency become coincident with the design point of minimum entropy generation.
Throughout the analysis, it is assumed that external irreversibility’s are present. The effects of
both internally reversible and irreversible processes are examined and compared. Additionally,
the thermal energy storage efficiency is taken into consideration and its effects on the optimum
design points, leading to maximum energy efficiency, maximum exergy efficiency, and

minimum entropy generation, are examined.

6.2 HT-CAES Thermodynamic Cycle

Fig. 1 represents the HT-CAES thermodynamic cycles that are analyzed here.

The thermodynamic models assume an adiabatic and constant pressure air storage, which can be
either underwater air storage or a cavern constructed in underground rock formation with a
water-equalizing pit, in order to maintain isobaric conditions [154]. The air storage under this
assumption remains isothermal, therefore reduces to just a delay time in the operation of the
plant. Fig. 1(a) and (b) show the described HT-CAES system with and without regeneration.

: QrEs
1

\ 4

TES —>

Y

Wc Wt
- Compressor

A 4
1
1
1
v

Isobaric

Air
Storage

()

101



Y

1

1
v

A

Isobaric
Air
Storage

(b)
Figure 6.1: (a) HT-CAES Thermodynamic Cycle Configuration Without Regeneration (b) HT-CAES Thermodynamic

Cycle Configuration With Regeneration

The sensible thermal energy storage unit, shown in Fig. 1, is inherently a transient component.
However, the TES can be designed to deliver a constant temperature, necessary for optimal
operation of an expander, through bypassing a potion of the cold inlet air with the hot flow
exiting the TES, as demonstrated by Fig. 1. Throughout the analysis it is assumed that the TES
has a minimum temperature, T;,;,, Which is equivalent to the constant turbine inlet temperature
(Tmin = T3 in the case without regeneration in Fig. 1(a), and T,y,;, = T, with regeneration in Fig.
1(b)) at the beginning of charge and end of discharge. The TES maximum temperature, T;,,qy, 1S
reached at the end of the charge process and beginning of the discharge process, which must be
set larger than the turbine inlet temperature. A zero order model of the TES is assumed, in which
no temperature gradients within the TES exist during the charge or discharge process. However,

thermal storage efficiency is taken into consideration and its value represents the percentage of
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irretrievable energy loss within a full cycle. Additionally, the following analysis is based on the

simplifying assumptions of a calorically perfect gas, ideal gas, and negligible pressure drops.

6.3 Internally Reversible HT-CAES

Considering the internally reversible HT-CAES system without regeneration, followed by a
similar analysis of an internally reversible HT-CASES system with regeneration. In this section
it is also assumed that the thermal energy storage is 100% energy efficient. In section 4 the
thermal energy storage efficiency along with internal irreversibilities are analyzed. The following
analysis is composed of a calculation of the energy efficiency, exergy efficiency and the entropy
generation as the pressure ratio is varied. The pressure ratio is defined as the maximum to

minimum pressure ratio in the system (r = P,/P; = P,/Ps).
6.3.1 HT-CAES Without Regeneration

6.3.1.1 First Law Efficiency
The roundtrip energy storage efficiency of the HT-CAES system, defined as the output power
over the total input power, is given by equation (1)

Wt

= 6.1
We + Qrgs &1)

ni

Assuming constant specific heats for air, isentropic compressor and turbine, and constant inlet

turbine temperature, T3, the energy efficiency can be rewritten to equation (2).

_1—T1/T2_1—1‘_a
C1-T,/T; 1—171t

m (6.2)

Where, x= (y — 1) /v, y is the ratio of specific heats for air, and r is the maximum to minimum

temperature ratio in the cycle, rp = % By examining equation (2 , and considering a Brayton
p y T =71 BY g¢q g y

cycle with a heat source provided by the TES, it becomes evident that the numerator represents
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the Brayton cycle efficiency, in the case of pure thermal energy storage and no air storage.
Similarly, the denominator of equation (2) represents the Carnot efficiency of the associated
Brayton cycle. Therefore, equation (2) can be written as shown in equation (3)

7]1 — nBrayton (63)

Ncarnot

Equation (3) provides an interesting result, which illustrates that the process is 100% efficient
when there is no heat addition provided by the thermal storage, T3 = T,, and the compression
and expansion processes are along the same isentropic line. The addition of heat through the
thermal storage takes the process off the compression isentrope and introduces the Carnot limit
into the cycle. In the extreme of very high temperatures of thermal storage, i.e. when the balance
between heat and isentropic work of compression shifts predominantly toward heat, the cycle is
dominated by the Brayton cycle as the Carnot efficiency approaches unity. In another extreme
where the energy allocated into thermal energy storage approaches zero and T; = T,, HT-CAES
reduces to an advanced adiabatic system with a theoretical round-trip efficiency of unity, as
evident from equation (3). In this limit, where advanced adiabatic CAES aims to operate, the
expansion isentrope coincides with the compression isentrope. When there is economic and
technological justification, this limit is theoretically the most desirable zone of operation for
energy storage/retrieval. One can therefore conclude that the efficiency of a non-regenerative
HT-CAES cycle is 1) always greater than the efficiency of the corresponding Brayton cycle, in

the case of pure thermal energy storage, and 2) is not bound by the Carnot efficiency.

6.3.1.2 Second Law Efficiency

The roundtrip exergy efficiency of the HT-CAES system, which is defined as the total output

exergy over the total input exergy, is given by equation (4)
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B [ W, dt
JW.dt+ [(1—Ty/Trgs)Qres dt

N (6.4)

Where Qg is the TES input joule heating power. The total energy stored in the TES is
calculated through an energy balance which results in: Qrrs=Qrgst = Mc(Trmax — Trmin) =
Mc(Tpax — T3) = mcyt(T; — T,), where M, ¢, and ¢, are the TES mass, TES specific heat,
air mass flow rate, and specific heat of air at constant pressure, respectively. Lastly, the

instantaneous temperature of the TES during the charge process is calculated through an energy

balance, which results in Trgg = ;ist + Thnin, Where Ty, = T3. Evaluating the integrals in

equation (4) results in equation (5)
I3 -T,

_ _ Mc T oy
(Tmax T3) Tl met ln ( T3 )

Nn = Mc (6.5)

TZ_T]. +met

Further simplification of equation (5), while substituting temperature ratios, 77 =;—3 and
1

ry = T’;’%, leads to equation (6)

nBrayton

N =
_ _ In(r,
Ncarnot — Tt ! (1 —Tr 1ra) (T‘H(——Hi)

(6.6)

Equation (6) reveals that the exergy efficiency of the HT-CAES system is always higher than its
energy efficiency given by equation (3), provided the TES increases the temperature of the
discharging air, T, < T5. This result is consistent with heat engines, in which their exergy

efficiencies are generally higher than their associated energy efficiencies.
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6.3.1.3 Entropy Generation
The total entropy generation associated with the operation of the HT-CAES system is evaluated

through an entropy balance and is given in equation (7)

Qout Qin
Soen = dt — | —dt 6.7
gen Tout Ti ( )

The second integral in equation (7), associated with the TES heat input, is calculated through a
similar approach that arrived at equation (5), resulting in the following expression

T'flCPt(T4 - Tl)
gen = T1

— Mcln (T"Yﬁ“"> (6.8)

3

Normalizing the entropy generation with the total stored air mass times its specific heat, mcpt,
and relating temperature ratios with pressure ratios through isentropic relations, results in
equation (9)

Sgen
mcpt

In(ry)
TH - 1

=(r =1+ r*—1) (6.9)

Plotting the energy efficiency, exergy efficiency, and the normalized entropy generation given by

equations (3), (6) and (9) respectively results in Fig. 2.
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Reversible HT-CAES Without Regeneration

1.8F X T T T T
! - — —Energy Efficiency
| -
1.6 Exergy Efficiency I
[ R Normalized Entropy Generation
1411 i
i
12t 1

Pressure Ratio, r

Figure 6.2: Energy efficiency, exergy efficiency and normalized entropy generation of the internally reversible, and 100%

energy efficient TES, HT-CAES system without regeneration as a function of the pressure ratio, r.

In the case of an internally reversible HT-CAES system without regeneration, all performance
indices monotonically improve with increasing operating pressure, as shown by Fig. 2.
Therefore, in this specific case, an increase in the energy and exergy efficiency does in fact
correlate with a decrease in entropy generation. It is also imperative to note that in an HT-CAES
system the output power increases with the pressure ratio, as the turbine and compressor are
decupled in contrast to a Brayton cycle. Therefore, a decrease in entropy generation also
correlates with an increase in output power. In section 4, it will be shown that this is not
necessarily the case in the presence of internal irreversibility’s, and a discussion explaining the

reason behind the phenomenon is provided in section 5.
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6.3.2 With Regeneration

We undertake a similar procedure to arrive at the energy efficiency, exergy efficiency, and
entropy generation in the case of internally reversible HT-CAES system, however including
regeneration, Fig. 1(b). Similarly, the pressure ratio is varied, and the performance indices are
examined and compared to determine whether minimization of entropy production may lead to

conclusive design guidelines.

6.3.2.1 First Law Efficiency

The energy efficiency, as defined in equation (1) and assuming constant specific heat, leads to
equation (10).

Ty —Ts

n = (6.10)

Rearranging equation (10) and relating temperature ratios to pressure ratios through isentropic

relations leads to equation (11)

1

ul (6.11)

B 2 — NpraytonR
Where Ngrqyton,r 18 the energy efficiency of the corresponding regenerative Brayton cycle, in the
case of pure thermal energy storage and no air storage. Equation (11) is analogous to equation
(3), however including regeneration. The regenerative brayton cycle efficiency is given by

equation (12)

— -1..a
77Brayton,R =1- rr'Tr (612)
: T, T, . ..
The temperature ratios ry = T—"‘ and ry = ’;f‘”‘ are defined as the maximum to minimum
1 4

temperature ratios that the air and TES experience in the regenerative cycle. Equation (11)
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illustrates that the 1* law efficiency of a regenerative HT-CAES system is always higher than its

Brayton cycle counter part, as was the case in the non-regenerative system shown by equation

3).

6.3.2.2 Second Law Efficiency
The 2™ law efficiency of the HT-CAES system with regeneration, Fig. 1(b), is obtained through
a similar procedure, which arrived at the exergy efficiency without regeneration, given by

equation (6). The result is given by equation (13)

_ Ui
Nn = ~ IH(TH)
T rp(ry — 1)

(6.13)

Where 7, is the first law efficiency given by equation (11). Through an energy balance, the
following relation given by equation (14) was used to relate the mass and specific heats of the air

and TES with their temperature differences

Mc T, —T. 1—-r¢@
Me _ Ti-Ts _( ) (6.14)
mCPt Tmax - T4 TH - 1

Again, notice that the second law efficiency of the HT-CAES system, given by equation (13), is
always higher than its first law efficiency. The gap between the energy and exergy efficiency
increases with increasing energy efficiency and decreasing temperature ratios (7 and 7).
Meaning it is more effective, exergetically, to reduce the TES temperature swing and air
temperature swing throughout the cycle, as a result of the associated decrease in mixing

irreversibility’s.
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6.3.2.3 Entropy Generation
The normalized entropy generation associated with the operation of a regenerative HT-CAES
system, Fig. 1(b), is evaluated through an entropy balance, equation (7), undertaking a similar

procedure which arrived at equation (9), The result is given in equation (15).

S In(ry)
gen a —a H

—J = -1 + -1

mcpt r )+ )rH -1

(6.15)

Plotting the energy efficiency, exergy efficiency, and the normalized entropy generation given by

equations (11), (13) and (15) respectively results in Fig. 3.
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Figure 6.3: Energy efficiency, exergy efficiency and normalized entropy generation of the internally reversible, and 100%

energy efficient TES, HT-CAES system with regeneration as a function of the pressure ratio, r.
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In the case of an internally reversible HT-CAES system with regeneration, the optimum
operating pressure occurs at unity, as measured by the maximum energy and exergy efficiencies
along with the coincident minimum entropy generation. However, at a pressure ratio of unity the
power output is zero. Therefore in order to achieve finite time processes, and for the system to
become operational, entropy must be generated. This contradicts the Gouy-Stodola theorem of
heat engines, which demonstrates that maximum output power correlates with minimum entropy
generation. In section 4, internal irreversibility’s and thermal energy storage efficiencies are
taken into consideration to determine whether minimization of entropy generation may lead to

optimal performance.

6.4 Internally Irreversible HT-CAES With Regeneration

Let us now consider the regenerative HT-CAES system, Fig. 1(b), with internal irreversibilies
and TES inefficiencies. The analysis is similar to the procedures involved in the reversible case.
However, the temperatures, T,, Ts, T3, and T; need to be determined as functions of other
operating parameters. Utilizing isentropic component efficiencies, regenerator effectiveness, and

an energy balance of the regenerator, results in the following temperatures corresponding to Fig.

1(b)
T,=T, (1 + %(r“ —~ 1)) (6.16)
Ts = T,(1—nr(1—779) (6.17)
Ty =T, + (Ts — Ty)Nr (6.18)
Te=Ts+T,—Ts (6.19)

Where 7., n and g are the compressor, turbine and regenerator efficiencies, respectively.
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6.4.1 First Law Efficiency
Starting with equation (1) and undertaking a similar procedure, which arrived at equation (3) and

(11), results in equation (20), where 7 is the TES retrieval efficiency.

fa—1s (6.20)
n = :
! T, =T+ (T, —T3)/ny
Utilizing temperatures (16) through (19) results in equation (21)
1—r¢
771 Nrianc( ) (6.21)

e — D1t — 1)+ nenenr (L — 179 + Nearnocc (1 — 1)

Where 1¢grnot 18 the Carnot efficiency of the corresponding Brayton cycle, analogous to the HT-

CAES cycle of Fig. 1(b), and is given by equation (22)

T; 1
Ncarnot = 1- T_ =1- rr (622)
4

We can find an optimum compression ratio, which would result in a maximum energy efficiency

by applying (dn,/0r) = 0 whose solution gives

ST

rrnc(1 — g7
e j T (CnR + n: —Cla)mt (6:23)
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Interestingly, the optimum pressure ratio, which leads to maximum energy efficiency, is
independent of the turbine isentropic efficiency. In addition, when the regenerator effectiveness

is unity, the optimum pressure ratio is also unity, matching that of Fig. 3.

6.4.2 Second Law Efficiency
Starting with equation (4) and undertaking a similar procedure that arrived at equations (6) and
(13), results in equation (24)

Ty —Ts

N = Mc Mc T,
Ta = Ti + figyg (e =) = Ti g 7 n ()

(6.24)

Where the mass and specific heats of the air and TES medium are related by equation (25)

MC _ T4_ - T3
mCPt Ny (Tmax - T4)

(6.25)

Substituting equations (16) through (19) and equation (25) into equation (24) and simplifying

results in equation (26)

nrnne(1—r=%)

_ _ - (6.26)
M= e Z )i (g — A+ Ang) + Anonicie (L — ) + NoarmoeAnc (1 — 7z)
Where
In(ry)
A=1— _ 6.27
rr(ry — 1) ( )

We can find an optimum compression ratio, which would result in a maximum exergy efficiency

by applying (97n,;/0r) = 0 whose solution gives
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(6.28)

r ( ) =1+ Nc(X = Nr)Ncarnot e (ry — 1) — In(ry)]
opt\Ni1max) = (ry — 1)(77R + 1y — 1)+ (1- nR)rT—l In(ry)

Similar to the optimum pressure ratio leading to maximum energy efficiency, equation (23), the
optimum pressure ratio, which leads to maximum exergy efficiency, is independent of the
turbine isentropic efficiency. In addition, when the regenerator effectiveness is unity, the

optimum pressure ratio is also unity, matching that of Fig. 3.

6.4.3 Entropy Generation
Starting with equation (7), and undertaking a similar procedure, which arrived at equations (9)
and (15), however with an additional heat loss term associated with the TES irretrievable energy

efficiency, results in equation (29).

2(T, —T3)(A —ny)

S T, T, —T. T,
gen 6 4 3 max Nu
= ——1)— ln< >+ 6.29
< 77H(Tmax - T4) T4 Tmax(1 + T’H) + T4(1 - 7711) ( )

Utilizing the temperatures in equation (16) through (19) and finding an optimum compression
ratio, which would result in minimum entropy generation by applying (9Sge,/07) = 0, results in

equation (30) as the solution

1
- (S _ ) _ NrNuNc(1 — nr)7r + NenrnrB \2@
optiTgenmin neNu + 17 *(1 —ng)B

(6.30)

Where
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_In(ry) 2
_TH_l_r (1 +ny)
(1 —-ny)

(6.31)
+1

Typical trends of the energy efficiency, exergy efficiency and normalized entropy generation as

functions of the pressure ratio, given by equations (21), (26) and (29), are illustrated in Fig. 4.
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Figure 6.4: Energy efficiency, exergy efficiency and normalized entropy generation of the regenerative HT-CAES cycle
corresponding to Fig. 1(b). Withng = 0.6, =17y =15 =0.9,ry =3.33,andry = 1.5
The results provided in Fig. 4 are forng = 0.6,n. =nr =ny = 0.9, = 3.33, and ry; = 1.5.
Since the HT-CAES system is essentially a broken Brayton cycle, where the compressor is
decoupled from the turbine, the turbine power is entirely available for useful work. Therefore,
the power output increases monotonically with increasing pressure ratio. Consequently, Fig. 4

offers a design region in terms of the pressure ratio: the pressure ratio of a real HT-CAES system
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must be larger than r(7; ;mq.). The rational being that the system efficiency should only be
compromised for a higher output power, depending on the specific applications of use and their
priorities i.e., cost, size, performance, etc. Fig. 4 reveals that the operational regime at minimum
entropy generation is different from that at maximum exergy efficiency, maximum energy
efficiency, and maximum work output. Indicating that a real HT-CAES system designed based
on a minimum entropy generation criterion, in general, would not operate at maximum work
output, maximum energy efficiency, or maximum exergy efficiency. It will be further shown, in
a forthcoming discussion, that in an HT-CAES system, the regime of minimum entropy
generation may become equivalent to the regime of maximum energy and exergy efficiency only

under certain conditions.

The optimum pressure ratios corresponding to the maximum energy efficiency, exergy efficiency
and minimum entropy generation, given by equations (23), (28) and (30), are plotted as a
function of the regenerator effectiveness, in Fig. 5. The results in Fig. 5 are plotted assuming
Ne=nNr =My =09, rr =333, and ry = 1.5. Fig. 5 reveals that the design regime
corresponding to minimum entropy generation occurs at a lower pressure ratio than that which
corresponds to maximum energy efficiency and/or maximum exergy efficiency, more
specifically r(Sgen,min) < 7'(7711,max) < (M1 max)- In addition, as the regenerator effectiveness
decreases the optimum pressure ratios, corresponding to all performance indices, increase and
the gaps between them also increase. As evident by equations (23), (28) and their plots in Fig. 5,
the optimum pressure ratio leading to maximum energy and exergy efficiencies, at a regenerator
effectiveness of unity, is unity. Moreover, the optimum pressure ratio corresponding to minimum

entropy generation, at g = 1 and as given by equation (30), leads to a calculated value of 0.49,
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which is a nonoperational value. However, restricting the pressure ratios to values above unity,
results in an optimum of unity. Therefore, at a regenerator effectiveness of unity, all optimum
design conditions converge, which is in agreement with the reversible case, as given by Fig. 3. In
contrast, a regenerator effectiveness of 0.5 leads to a convergence in the optimum pressure ratios
leading to maximum output power, maximum energy efficiency, and minimum entropy
generation, in a Brayton cycle [153].
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Figure 6.5: The optimum pressure ratios corresponding to maximum energy efficiency, maximum exergy efficiency and
minimum normalized entropy generation, of the regenerative HT-CAES cycle, corresponding to Fig. 1(b), as the

regenerator effectiveness is varied, withn, =y =15 =0.9,r;y =3.33,andry = 1.5

A plot of the optimum pressure ratios as a function of the temperature ratio, r, is given in Fig. 6.
The result in Fig. 6 was plotted for ny =n.,=nr =ny = 0.9, and ry = 1.5. The results
provided by Fig. 6 further demonstrate that optimum design criterions do not necessarily

coincide. More specifically, as in the case with varying regenerator effectiveness, r(Sgen,min) <

r(nll,max) < r(nl,max)‘
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Figure 6.6: The optimum pressure ratios corresponding to maximum energy efficiency, maximum exergy efficiency and
minimum normalized entropy generation, of the regenerative HT-CAES cycle, corresponding to Fig. 1(b), as the turbine

inlet to ambient temperature ratio is varied, withny, =, =ny =9y =0.9,andry = 1.5

The effect of the thermal energy storage efficiency on the optimum pressure ratio design is
illustrated by Fig. 7, assuming ng =n, =17 =09, ry = 1.5, and rr =3.33, for all
performance indices given by equations (23), (28) and (30). The optimum pressure ratios for all
indices increase with decreasing thermal storage efficiency. Additionally, Fig. 6 reveals that the
optimum pressure is again observed in the same order, r(Sgen,min) < r(n,,,max) < 7M1 max)- aS
that in Fig. 5 and Fig. 6. Equation (30) is unbiased to the pressure ratio range, therefore although
the optimum pressure ratio values corresponding to minimum entropy generation, at thermal
storage energy efficiencies greater than 0.5, are below unity, this indicates that the actual

optimum and realistic value, although non-operational, is in fact unity.
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Lastly, the compressor isentropic efficiency is varied, and its effects on the optimal pressure
ratios are investigated, as shown in Fig. 8, assuming np = ny = nr, ry = 1.5 and, rr = 3.33.
The trends exhibited by the optimal pressure ratios, as the compressor isentropic efficiency is
decreased in Fig. 8, are quite the opposite as those observed when the thermal energy storage
efficiency is decreased, Fig. 7. Nonetheless, the optimal pressure ratio deign ranking remains
consistent, namely, r(Sgen'min) < r(n,,,max) < T(M1max). Equation (30) is unbiased to the
pressure ratio range. Therefore, although the optimum pressure ratio values corresponding to
minimum entropy generation are below unity, at compressor isentropic efficiencies less than
0.95, this indicates that the actual optimum and realistic value, although non-operational, is in

fact unity.

1 2 T T T T T T T 1 1
‘‘‘‘‘ Normalized Entropy Generation
\ — — —Energy Efficiency
Exergy Efficiency

Optimum Pressure Ratio, r

2 I I I I I I
0.2 0.3 0.4 0.5 0.6 0.7 0.8 0.9

Thermal Storage Energy Efficiency

Figure 6.7: The optimum pressure ratios corresponding to maximum energy efficiency, maximum exergy efficiency and
minimum normalized entropy generation, of the regenerative HT-CAES cycle, corresponding to Fig. 1(b), as the thermal

storage energy efficiency is varied, withng =1, =1y =0.9,ry = 1.5,and r; = 3.33
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Figure 6.8: The optimum pressure ratios corresponding to maximum energy efficiency, maximum exergy
efficiency and minimum normalized entropy generation, of the regenerative HT-CAES cycle, corresponding
to Fig. 1(b), as the compressor isentropic efficiency is varied, withny =y =1 = 0.9, ry = 1.5, and

rr =3.33
6.5 Discussion
As demonstrated by the results in this chapter, it is not always the case that minimum entropy is
coincident with maximum power and efficiency, which is also the case for heat engines [153].
However, Its important to note that in certain conditions the minimization of entropy generation
may correlate with the maximization of energy efficiency, exergy efficiency, and power output.
This was demonstrated in the case of an internally reversible and non-regenerative HT-CAES
system, as shown in Fig. 2. In the case of an internally reversible regenerative HT-CAES system,
the maximum energy and exergy efficiencies did correlate with minimum entropy generation,
however this was not the case for the maximum output power, Fig. 3. In practical applications it

is almost unavoidable to neglect internal irreversibility’s, and the additional energy retrieval
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benefit provided by a regenerator far outweighs its cost. Therefore, the more realistic results are
those provided by the regenerative HT-CAES cycle with internal irreversibility’s. It was
observed, for a regenerative HT-CAES system with internally irreversibilies, that only in the
case of a regenerative effectiveness of 100% did the minimum entropy generation correlate with
maximum energy and exergy efficiencies, however not with maximum output power. In contrast
to heat engines, where optimum design condition become coincident at a regenerator
effectiveness of 50% [153]. It was also observed that the optimum pressure ratio corresponding
to minimum entropy generation occurs at generally lower values than those corresponding to
maximum exergy and energy efficiencies. Furthermore, the optimum pressure ratio
corresponding to maximum energy efficiency was generally the largest. More specifically, the
following order, T(Sgen,min) < r(n,,,max) < 7(M1max), Was a consistent trend throughout the

analysis.

Combining the first and second laws of thermodynamics can provide further insights on the
criterions necessary for coincident optimal design conditions. The turbine output energy is given
simply by equation (32)

Wr =W + Qin — Qout (6.32)
Eliminating the output heat Q,,; from equations (7) and (32) and dividing by the total input

energy, Einpye, results in equation (33)

T

n=1- [Mcin(r) + Syen] (6.33)

input
Similarly, eliminating the output heat Q,,; from equations (7) and (32) and dividing by the total

input exergy, E;p,y¢, results in equation (34)
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T

Ny =1- E. Sgen (6.34)
input
The first and second law efficiencies, given by equations (33) and (34), reveal the specific
conditions upon which the minimum generation of entropy becomes coincident with the
maximization of the energy and exergy efficiencies. Only in the particular case where the input
energy, thermal energy storage mass, specific heat, and maximum to minimum temperature ratio,
T, are a constant does the minimum entropy generation coincide with maximum energy
efficiency. Similarly, only the specific case where the total input exergy is a constant, does the
minimum entropy generation coincide with maximum exergy efficiency. Otherwise, the entire
term in the vicinity of the entropy generation variable, Sy, must reach a minimum for the
energy and exergy efficiencies to reach a maximum, in equation (33) and (34). This is precisely
the reason why optimal conditions corresponding to minimum entropy generation did not

correlate with maximum energy or maximum exergy efficiencies in the irreversible hybrid

thermal and compressed air energy storage system.

6.6 Conclusion

A regenerative and non-regenerative hybrid thermal and compressed air energy storage system is
designed based on the objective of minimum entropy generation. The cases of both internally
reversible and irreversible conditions were investigated. It was illustrated that a hybrid
compressed air energy storage system optimized through this criterion is likely to perform at an
energy and exergy efficiency that is lower than that which is otherwise achievable. This work
illustrated that for a hybrid compressed air energy storage system, minimization of entropy

generation does not always correlate with minimization of energy losses. Only under specific
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conditions does the minimum entropy generation coincide with maximum energy and exergy
efficiencies. Moreover it was generally observed that the optimum operating pressure conditions
based on maximum energy efficiency, maximum exergy efficiency, and minimum entropy

generation can be ordered in the following manner: T(Sgen,min) < r(n”’max) < 7M1 max)-

Table 6.1: Chapter 6 Nomenclature

Nomenclature
CAES Compressed Air Energy Storage TES Thermal Energy Storage
HT- Hybrid Thermal - CAES AA- Advanced Adiabatic - CAES
CAES CAES
T Pressure Ratio Ty Maximum TES Temperature Ratio
T Maximum Cycle Temperature Ratio 7, Compressor Isentropic Efficiency
W, Turbine Output Power Nr Regenerator Effectiveness
W, Compressor Input Power nr Turbine Isentropic Efficiency
Ores TES Power/Heat input Ny TES Efficiency
w, Compression Energy Nerayton  Brayton Cycle Efficiency
Qrgs TES Energy Input NBrayton,k Regenerative Brayton Cycle
Efficiency
74 Turbine Energy Output Ncarnot Carnot Efficiency
P Pressure Sgen Entropy Generation
T Temperature Topt Optimum Pressure Ratio
y Ratio of Specific Heat for Air Einput Input Energy
M TES Mass Einput Input Exergy
m Mass Flow Rate Qin Input Heat
R Ideal Gas Constant of Air Qout Output Heat
Cy Specific Heat of Air at Constant Cp Specific Heat of Air at Constant
Volume Pressure
c TES Specific Heat t Total Charge or Discharge Time
ul HT-CAES Roundtrip Energy N HT-CAES Roundtrip Exergy

Efficiency (1¥ Law Efficiency)

Efficiency (2" Law Efficiency)
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Chapter 7: Exergy Analysis of the Modified Hybrid Thermal-

Compressed Air Energy Storage System

7.1 Introduction

Exergy is defined as the theoretical maximum amount of work possible by a system, as the
system comes into equilibrium with the environment. Alternatively, exergy can be defined as the
minimum amount of power necessary to remove a system from equilibrium to a specified state.
Exergy is an extension of the second law of thermodynamics, and it provides a more meaningful
investigation to energy systems, as it considers the quality of energy, with the environment as a
reference point [155]-[176]. An exergy efficiency is often more useful and provides better insight
of the performance of a system, as it measures the system to the ideal/reversible case. The
objective of this chapter is to continue the thermodynamic investigation effort of the hybrid
thermal and compressed air energy storage system presented in chapter 5, however from an
exergy perspective. The exergetic component efficiencies and the exergy destructions of each
component are presented. This chapter is an attempt to pin point the largest sources of internal
irreversibilities in the hybrid thermal-compressed air energy storage system. Through this

analysis, a means of improving the storage performance is naturally established and presented.

7.2 Thermodynamic Analysis
The exergy of a system, E, at a specified state is given by the expression

E:(E_Uo)-l_Po(V_Vo)_To(S_So) (71)

Where E, V, and S denote, respectively, the energy, volume, and entropy of the system. The

energy, E, is the sum of internal kinetic and potential energies. U,, V,, and S, are the values of
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the same properties id the system were at the dead state. The dead state is that corresponding to
the conditions of the environment. When mass flows across the boundary of a control volume,
there is an exergy transfer accompanying mass flow. Additionally, there is an exergy transfer

accompanying flow work. The specific flow exergy accounts for both of these, and is given by

VZ
ef=h—ho—To(s—s,,)+7+gz (7.2)

Where /4 and s represent the specific enthalpy and entropy, respectively, at the inlet or exit under
consideration; h, and s, represent the respective values of these properties when evaluated at the
dead state. The change in specific entropy of an ideal gas with constant specific heat is given by

S; — 81 =¢,InT, /Ty —RIn P, /P, (7.3)
The exergy rate balance for control volumes is given below

dECv To . H dVC” ; y ;
1 e

J

Where the first term on the left represents the time rate of change of the exergy of the control
volume. The first term on the right side of the equation represents the rate of exergy transfer rate
accompanying heat. The second term is the accompanying exergy transfer rate accompanying
work, other than flow work. The third and forth terms are the exergy transfer rates accompanying
mass flow at the inlet, i, and exit, e. finally the last term, E, accounts for the time rate of exergy

destruction due to irreversibilities within the control volume.

7.2.1 Exergy Destruction
The destruction of exergy in each component in the HT-CAES system is provided through the
exergy balance equation. Assuming an adiabatic and steady state process, the exergy destruction

of a compressor or turbine is given by
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Ed = Z m; er; — Z M, e — ch (7.5)
i e
Similarly, the exergy destruction of heat exchangers, pressure regulating valve, and junctions are

calculated assuming adiabatic and steady processes, and are given by

Ed = z Thi efi — z The efe (76)
i e

The exergy destruction of the air storage is inherently time dependent and calculated assuming

an adiabatic process through

- _ . . dEC'U
Ed = m; efi — me efe - T (77)
i e

The total exergy destruction throughout the charge and discharge processes is calculated by
integrating the time rate of exergy destruction of each component throughout the charge and
discharge time. In addition the total exergy destruction is normalized by the total output energy,

which is specified in chapter 5, defined as W, ;py¢. The total normalized exergy destruction of

each component is therefore given by

[E,dt
Enorm = W—

output

(7.8)

7.2.2 Component Exergy Efficiency

The mathematical definitions of the exergy efficiency of each component are presented here. In
every instance, the efficiency is derived by the use of the exergy rate balance. Each of the cases
considered involves a control volume at steady state, and it is assumed that there is no heat
transfer between the control volumes its surroundings. For a turbine operating at steady state
with no heat transfer with its surroundings, the steady state form of the exergy rate balance

reduces as follows.
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W.C”+E—.d
m m

efl - efz = (7.9)

The term on the left of the side of the equation represents the decrease in the flow exergy from
turbine inlet to exit. The equation shows that the flow exergy decreases because the turbine
develops work, and the exergy is destroyed. A parameter that gauges how effectively the flow
exergy decreases is converted to the desired product is the exergetic turbine efficiency, given

below

(Wep /1)
ETurbine = ef CU_ ef (710)
1 2

This particular exergetic efficiency is sometimes referred to as the turbine effectiveness. It is
important to note that the exergetic turbine efficiency is defined differently from the isentropic
turbine efficiency. For the compressor operating at steady state with no heat transfer with its
surroundings, the effectiveness of the conversion from work to input or flow exergy increase is

gauged, similarly, by the exergetic compressor efficiency

_ (er2 —€f1)

€compressor = —(W /m) (711)
cv

The heat exchanger shown in Figure 1, operating at steady state with no heat transfer with their

surroundings, and both streams at temperature above T,, the exergy balance of which reduces to

. . Eq
mh(efl — efz) = mc(ef4 — ef3) + pry (7.12)
Hot 4_2 4_1
Stream
Cold
3 4 Stream

Figure 7.1: Counter flow heat exchanger schematic
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The term on the left side of the equation accounts for the decrease in the exergy of the hot
stream. The first term on the right accounts for increase in exergy of the cold stream. The hot
stream, in Figure 1, can be regarded as supplying the exergy increase of the cold stream as well

as the exergy destroyed, therefore we can write the exergetic heat exchanger efficiency as

_ mC(ef4 B ef3)

Bl mh(efl - efz) (7.13)

Eux

The same equation is utilized for the exergetic efficiency of the regenerator. The exergetic

efficiency of the pressure regulative valve is given by

e
€pRV = L (7.14)

eri
The exergetic efficiency of the air storage medium is defined similarly as the total flow exergy
output over the total inlet flow exergy. A schematic of the junction, which is applicable to the
HTES bypass line and the turbocharger junction, illustrated by Figure 1.5, in chapter 5, is in

Figure 2 below.

Figure 7.2: Mass Flow Junction Schematic

The exergetic efficiency of the junction is defined as

_ Mmsey3
g == . (7.15)
myep +myey,
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The three components prior to the HTES (LTES, regenerator and Junction) are placed such that
successive heating is always attained, and the configuration is dependent on the prime pressure.
In order to obtain a general expression for the exergetic efficiency of these components,
independent of the prime pressure, all three components are treated as one, as illustrated by the

schematic in Figure 4.

Turbine Exhaust:
LTES: (7) Junction:

R

Pressure
Regulating Valve —| LTES, Regenerator, and | __, HTES Inlet:
Exit: (8) Junction (11)
LTES (6) Regenerator Exit
(15)

Figure 7.3: A control volume containing the LTES discharges heat exchanger, the regenerator, and the turbocharger

junction.

The exergetic efficiency of the control volume containing the 2 stage heating and junction shown
in Figure 3a, can be expressed as follows

Mq1€r11 — Mglfrg

gCV = (716)

mt(ef14 - eflS) + mLTES(ef7 - ef6) + myser7
The roundtrip exergy efficiency of the high temperature thermal energy storage is defined as the

total output over total input exergies. The input and output exergies are ultimately defined by

Evras = f (1 = T, /T)Quresdt (7.17)

Assuming a zero order model of the thermal storage, where no temperature gradient exist within
the medium, the temperature of the HTES during the charge process is calculated through an

energy balance and is given by
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T = %t + Toin (7.18)
Where M, c, t, and Tnin, are the HTES mass, specific heat, time of charge, and minimum
temperature at the beginning of charge. Evaluating the exergy transfer integral, during the charge

process, accompanying heat transfer and noting that the total input energy into the HTES is

Qures = Mc(Tyax — Tnin), results in

Trax
Einput = MC(Tmax - Tmin) - TOMCln (719)

min

The output exergy is calculated similarly, however incorporating energy efficiency and assuming
the HTES is perfectly effective, meaning the air temperature exiting the HTES is equal to the
instantaneous HTES temperature. Through an energy balance, on a control volume containing

the HTES, the instantaneous temperature of the HTES during the discharge is given by

Tin _ﬂgHTESt Tin
T = T’I,HTES(Tmax - Tmin) + Tmin - e Mc + (720)
€HTES €HTES

Where nyres = Qout/Qin 15 the energy efficiency of the HTES, and €. 55 is the heat transfer
effectiveness of the HTES. Utilizing the time dependent temperature and evaluating the exergy
transfer accompanying heat transfer results in the following second law roundtrip efficiency of
the HTES

_ No,aresTm — In (M presTim T + 1)
ML HTES T —In(T,T, + 1)

(7.21)

Where Tiy=(Tmax-Tmin)/ Tmin, and Tp=To/Tmin. Notice when the first law efficiency is unity or zero,

the second law efficiency of the HTES becomes identical to the first law efficiency. However,
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deviations between the first and second law efficiencies occur when the first law efficiency is
nonzero and non-unity.
The roundtrip exergy efficiency of the hybrid thermal and compressed air energy storage is

calculated through a control volume containing the entire hybrid storage system, as shown in

Figure 5.
LTES Heat HTES Heat
Loss Input
Compression ‘ll Turbine Power
Power Input Output
—_ HT-CAES —_
Exhaust

Figure 7.4: a control volume containing the HT-CAES system illustrating all energy streams through the control volume

The second law roundtrip efficiency of the system is defined as the total output exergy over the
total input exergy into the system

B [ W, dt
JWedt+ [(1 —T,/T)Quresdt

N (7.22)

With the first law efficiency defined as the total input energy over the total output energy, as

shown below

Wi

=— £ (7.23)
VVC + QHTES

ni

and utilizing the same energy distribution variable, which quantifies the allocation of storage

energy between thermal and compressed air storage, as shown below
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QHTES

= 7.24
g W + W, ( )
Evaluating the second law efficiency integral results in the following
_ Ui
T = In (Tmax/Tmin) (725)
1- T T B
max min
Which can be further reduced to
_ Ui
N = In (1 + 6/Tmm) (726)
1- 5 T,p
Where
8 = Tnax — Tin (7'27)

The HT-CAES exergy efficiency is always greater than its energy efficiency, a result that is
consistent with heat engines. The energy and exergy efficiencies become coincident in the

limiting case of a very large HTES temperature swing, § = Ty,,qx — Tmin, @s indicated below

gl_{{}o N =M (7.28)

Therefore, the minimum exergy efficiency is equal to its corresponding energy efficiency,
N11min = M- This is due to the increase in internal irreversibilities associated with mixing losses
in the HTES at a high temperature swing; a result that is undetected through the first law analysis
and efficiency. Conversely, the largest difference in 1 and 2™ law efficiencies (in other words,

the maximum exergy efficiency for a given energy efficiency) occurs in the limit of a very low
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HTES temperature difference, where the HTES temperature remains isothermal and internal

irreversibilities associated with mixing losses are eliminated, as shown below

ni
1-p

lim =
5-0 M

T (7.29)

Tmin

Further increase in their difference occurs for 1) high £ values, and 2) at lower HTES
temperatures. Since the exergy efficiency is defined as a comparison of the system performance
to the ideal case, at high f§ values the system is utilizing a lower quality of energy (heat),
therefore for the same energy efficiency the result is higher exergy efficiencies. In the limit that
6 = Thnax — Tmin = 0, by definition this means the HTES remains isothermal, Ty,;, = Tinax =
Tyres.- As a mathematical consequence, with a lower HTES temperature the second term in the
denominator of equation (23) is at a minimum, which leads to maximum exergy efficiency for a
given energy efficiency. However, the physical meaning can be explained as follows: at a low
HTES temperature the system is utilizing a lower quality of heat, therefore for the same energy

efficiency the result is higher exergy efficiencies.

7.3 Results

Figure 6 below demonstrates the configuration of the LTES, regenerator, and turbocharge
junction, as a function of the energy distribution and prime pressure, such that successive heating
is always attained during the discharge process. The configuration, as depicted by Figure 6, is
independent of the energy distribution and only a function of the prime pressure. This is because
the prime pressure dictates the temperatures of the storage cycle, however the energy distribution
ultimately determines the mass flow rates and size of the system. Configuration 1 represents the
discharge process in the following order: turbocharger junction, LTES discharge heat exchanger,

than regenerator. Configuration 2 represents the turbocharger junction, regenerator, than LTES
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discharge heat exchanger. Lastly, configuration 5 represents the regenerator, turbocharger
junction, than LTES discharge heat exchanger. This configuration map was also the case in the

optimization chapter.

N

Discharge Configuration

100~

4

40
Beta (%) 0 Prime Pressure (bar)

Figure 7.5: The configuration order of the LTES discharge heat, turbocharger junction, and regenerator, such that
successive heating is always attained. Where the configuration number represent: 1) Junction = LTES = Regenerator 2)

Junction = Regenerator 2 LTES and 5) Regenerator = Junction = LTES, respectively.

The discontinuity in the cycle configuration translates to discontinuities in the exergetic
efficiencies and calculated components exergy destructions. The component exergy destruction

calculations are presented next, followed by the exergetic component efficiencies.

7.3.1 Exergy Destruction
The normalized exergy destruction of the pressure-regulating valve is plotted in Figure 5 as a

function of the energy distribution fraction and the prime pressure. As the prime pressure is
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increased, the necessary change in pressure through throttling is decreased; therefore
irreversibilities or exergy losses are decreased. This trend is more pronounced at the lower end of
the beta spectrum, as more energy is allocated towards compression, since more mass flow is

provided by the air storage, which must be throttled.

Normalized Exergy Destruction

m\\\\\\\\\\

W\\\\\\\\

Beta (%) 400

Prime Pressure (bar)

Figure 7.6: Normalized exergy destruction of the pressure regulative valve as a function of the energy distribution

fraction and the prime pressure

Similarly, the normalized exergy destruction of the cavern is plotted in Figure 6, as a function of
the energy distribution fraction and the prime pressure. A similar trend given by the pressure
regulating valve is exhibited by the cavern, however for different reasons. The normalized
exergy destruction of the cavern decreases with prime pressure, at the lower end of the beta
spectrum where more energy is allocated towards compression, since more mass flow rate is

provided by the cavern. At lower prime pressures, the cavern undergoes a larger pressure swing
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since the maximum pressure is fixed in this study. Therefore, at higher cavern pressure swings,
mixing losses within the cavern become more apparent. With increased irreversibilities

associated with mixing, the exergy destruction increases as a result.

The sum of both pressure regulating valve and cavern exergy destructions, given by Figures 5
and 6, is given in Figure 7. As will be shown, the exergy destruction associated with throttling
and cavern mixing irreversibilities results in the highest avoidable sources of exergy losses
within the system. The trend exhibited by their sum is similar to their individual trends, shown in

both Figures 5 and 6.

1.5

0.5

Normalized Exergy Destruction
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Figure 7.7: Normalized exergy destruction of the cavern as a function of the energy distribution fraction and the prime

pressure
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Figure 7.8: Normalized exergy destruction of the cavern plus pressure regulative valve as a function of the energy

distribution fraction and the prime pressure

The normalized exergy destruction of the compressor as a function of the energy distribution
fraction and the prime pressure is given in Figure 8. . The normalized exergy destruction of the
compressor decreases with prime pressure, at the lower end of the beta spectrum where more
energy is allocated towards compression. The exergy destruction of the compressor is
proportional to the mass flow rate provided during compression. As given in Chapter 5, the
charge flow rate decreases with prime pressure at the lower end of the beta spectrum, which

explains the trends given by Figure 8.
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Figure 7.9: Normalized exergy destruction of the compressor as a function of the energy distribution fraction and the

prime pressure

The normalized exergy destruction of the HTES bypass flow is given in Figure 9. The exergy
destruction of the HTES bypass flow rate is also proportional to the total mass flow rate, which is
provided in Chapter 5. Therefore, the plot illustrates very large exergy destructions in the regions
of high flow rates. In the region where the efficiency is zero and the flow rate is infinite,
specifically at Beta=100% and a prime pressure of 11 bar, the exergetic efficiency of the HTES
bypass flow becomes increasingly highly, as demonstrated by Figure 9. The increase in
irreversibilities, or exergy destruction, is a result of the increase in mixing losses at higher flow

rates.

The normalized exergy destruction of the LTES charge heat exchanger is plotted in Figure 10.

The exergy destruction exhibits a similar trend observed in the compressor exergy destruction.
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The exergy destruction of the LTES discharge heat exchanger is a function the mass flow rates,
which decrease with increasing prime pressure, leading to the associated decrease in exergy
destruction. The exergy destruction is identically zero at beta=100%, since the airflow rate is

identically zero.

05

Normalized Exergy Destruction
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Figure 7.10: Normalized exergy destruction of the HTES bypass junction as a function of the energy distribution fraction

and the prime pressure
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Figure 7.11: normalized exergy destruction of the LTES charge heat exchanger as a function of the energy distribution

fraction and the prime pressure
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The normalized exergy destruction of the regenerator, LTES discharge heat exchanger, and the
turbocharger junction is illustrated in Figure 11. The irreversibility has little dependents on the
energy distribution fraction, however a strong dependence on the prime pressure. The

irreversibilities, which result in exergy destruction, decrease with increasing prime pressure.

Normalized Exergy Destruction

100

4

40
Beta (%) 0 Prime Pressure (bar)

Figure 7.12: Normalized exergy destruction of the Regenerator, LTES, and turbocharger junction as a function of the

energy distribution fraction and the prime pressure

Figures 12a and 12b show the normalized exergy destructions associated with the turbines and
turbocharger compressor respectively. Similarly, the exergy destruction is proportional to the

flow rates; leading to relatively high irreversibilities are higher flow rates.
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Figure 7.13: Normalized exergy destruction of the a) turbine and b) turbocharger compressor, as a function of the energy

distribution fraction and the prime pressure

7.3.2 Exergetic Component Efficiencies

The exergy efficiency of the pressure regulative valve is illustrated in Figure 13. As the prime
pressure increasing, the cavern pressure is throttled to relatively higher pressures resulting in
lower irreversibilities and higher exergy efficiencies. The exergy efficiency approaches unity as
the prime pressure approaches the maximum cavern pressure, in the case where throttling

becomes negligible.
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Figure 7.14: Exergy Efficiency of the pressure-regulating valve as a function of the energy distribution fraction and the

prime pressure

Similarly, the exergy efficiency of the cavern is plotted in Figure 14, as a function of the energy
distribution fraction and the prime pressure. A similar trend given by the pressure regulating
valve is exhibited by the cavern, however for different reasons. The exergy efficiency of the
cavern increases with prime pressure. At lower prime pressures, the cavern undergoes a larger
pressure swing since the maximum pressure is fixed in this study. Therefore, at higher cavern
pressure swings, mixing losses within the cavern become more apparent. With increased

irreversibilities associated with mixing, the exergy efficiency decreases as a result.
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Figure 7.15: Exergy efficiency of the cavern as a function of the energy distribution fraction and the prime pressure

The exergy efficiency of the both the pressure regulating valve and the cavern, as one system,
results in the plot given by Figure 15. With increased prime pressure, both throttling losses are
decreases and mixing losses within the air storage are decreased, therefore resulting in higher
exergetic efficiency as the irreversibilities are reduced. However, it is important to note the
higher exergetic efficiency at high prime pressures result in larger storage volumes, therefore

driving up the total cost of the system.
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Figure 7.16: Exergy efficiency of the cavern plus pressure-regulating valve as a function of the energy distribution

fraction and the prime pressure
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Figure 7.17: Exergy efficiency of the HTES bypass junction as a function of the energy distribution fraction and the prime

pressure
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The roundtrip exergy efficiency of the HTES is given in Figure 17, as functions of the
temperature ratios To/Tmin and (Tmax-Tmin)/To. The exergy efficiency map of the HTES, in Figure
17, is presented assuming an energy efficiency of 80%. The exergetic efficiency of the HTES is
largest at high minimum HTES temperature values. In addition, the HTES exergetic efficiency
increases sharply at lower temperature swings due to the decrease in the irreversibilities
associated with mixing losses. It is important to note that the exergy efficiency of the HTES is
always lower than it corresponding energy efficiency, in contrast to the roundtrip energy and

exergy efficiency of the entire hybrid storage system.
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Figure 7.18: Roundtrip exergy efficiency of HTES, assuming an energy efficiency of 80%, as a function of the energy

distribution fraction and the prime pressure

The exergy efficiency of the regenerator, LTES discharge heat exchanger and the turbocharger

junction is illustrated in Figure 18. The exergy efficiency increases with prime pressure, as
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higher flow exergies are attained. The discontinuities in the plot are a result of the discontinuity

associated with the configuration, as illustrated in Figure 4.
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Figure 7.19: Exergy efficiency of the LTES, Regenerator and turbocharger junction as a function of the energy

distribution fraction and the prime pressure

The turbine and turbocharger compressor exergy efficiencies are illustrated in Figures 19 and 20
respectively. The turbine exergy efficiency is highly on the energy distribution fraction, as the
total power output is assumed constant in the study, however, the flow rate is highly dependent
on the energy allocation fraction, Beta. In contrast, the compressor exergetic efficiency is
independent of the energy allocation fraction, Beta. The energy allocation fraction only
determines the necessary turbocharger flow rate, which is not a variable of the exergetic
compressor efficiency. The output compressor power is not a constant and increases with the

prime pressure, therefore decreases the exergetic efficiency of the compressor.
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Figure 7.21: Exergy efficiency of the turbocharger compressor as a function of the energy distribution fraction and the

prime pressure
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Finally, the exergy efficiency of the LTES charge heat exchanger is a constant and equal to
76.35%, and the compressor exergy efficiency is also a constant and equal to 90.5%. The
exergetic efficiency of the compressor is constant become the maximum pressure in the study
remains constant, which results in a constant exhaust temperature, independent of the energy
allocation fraction or the prime pressure. The exergy efficiency of the LTES charge heat
exchanger is a constant for similar reasons, as the hot inlet temperature remains a constant and
the cold to hot stream flow rate ratio in the exergy efficiency definition is a constant and equal to

the ratio of their specific heats, assuming a balanced heat exchanger.

7.4 Discussion

The component exergy destruction magnitudes and their exergetic efficiencies present a means
of locating the sources of largest deviation from ideal component operations. However it is
important to note that some sources of irreversibilities are unavoidable. For example, one major
advantage of the hybrid thermal and compressed air energy is its utilization of off-the-shelf and
available machinery, such as compressors and turbines. Therefore, although the calculated
exergy destruction and efficiency is an important means of determining the deviations from ideal
operation, these irreversibilities are unavoidable as their use is necessary for proper operation of
the plant. In addition, the minimization of internal irreversibilies does not necessarily correlate
with maximum roundtrip energy and exergy efficiencies of the plant, as was demonstrated in
chapter 6. Therefore as an example, although one can minimize the compressor irreversibilities

through an increase in its operating pressure, the design point does not coincide with the local
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optimum operating pressure leading to maximum energy and exergy efficiency of the hybrid
storage system, as was demonstrated in chapter 5. The exergy destruction and exergetic
efficiency of the pressure regulative valve presented in the results section demonstrates a
substantial loss in otherwise available work. Throughout the investigation, an ideal gas model for
air was assumed. An ideal gas assumption is reasonable as the hybrid system operates at low
pressures, which leads to low compressibility factors. Moreover, in the case of an ideal gas the
internal energy is only a function of temperature. Therefore, from an energy balance perspective
the throttling valve energy inlet to exit is conserved, as enthalpy remains constant through the
valve. Only in the presented exergy analysis do losses associated with throttling become
apparent. Throttling losses can be eliminated through the use of variable pressure turbines. While
a positive-displacement machine with proper valve-timing control can adjust to the time-varying
pressure in the cavern and maintain optimal performance, a variable expander assumption over-
estimates the power output with turbo-expanders. The optimal performance of a turbo-expander,
characterized by its isentropic efficiency, is limited to a very narrow range of inlet operating
conditions of pressure, temperature and mass flow rate. Slight deviations from the design
conditions results in a sharp decrease in isentropic efficiency of the machine. Therefore, such
machinery must be developed to withstand a large pressure swing without a substantial
compromise in its performance. The cavern itself also presents a substantial source of avoidable
irreversibilities due to its associated mixing losses. The air storage cavern is assumed isochoric,
however in the case of an isobaric cavern mixing loss within the cavern are eliminated as the
cavern acts just as a delay time in the operation of the plant, whereas an adiabatic constant
volume cavern changes the quality of energy through the cavern. Isobaric cavern architectures

however are geologically more restricting and require higher capital costs.
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7.5 Conclusion

The exergy destruction of each component in the Hybrid thermal and compressed air energy
storage system was calculated and presented. The exergy destruction of each component within
the system was presented as functions of the energy allocation fraction, beta, and the prime
pressure. These two variables are the center of investigation throughout the chapter as their
variance provides the entire operational map of the system. This chapter provided the associated
map of the internal component irreversibility magnitudes of the hybrid storage system. The
exergy destruction was normalized by the constant output energy of the plant, 600MWh, as was
the case in chapter 5. The calculated and normalized exergy destruction maps provided a means
of comparing the component exergy destruction magnitudes for assessing and pinpointing the
sources of largest irreversibilities. In addition to the exergy destruction, the exergetic component
efficiencies were also presented and compared. Both component exergy destruction and their
exergetic efficiencies demonstrate that the largest source of avoidable exergy destruction result
from the irreversibilities associated with throttling and the irreversibilities associated with
mixing losses within the air storage medium. In the case of an isochoric air storage medium,
introducing variable pressure turbines can eliminate throttling losses. However, large-scale
variable pressure turbines capable of withstanding large pressure swings, without a compromise
in their isentropic efficiencies, must be research and developed despite their limited potential
market. Moreover, the mixing losses within an isochoric cavern can be eliminated through the
use of an isobaric air storage medium, which are typically constructed in underground rock
formations with a water-equalizing pit, or through underwater air storage. In addition to

eliminating mixing losses, such air storage architecture also eliminates the need for throttling,
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therefore the input flow exergy into and out of the medium become identical. Isobaric air storage

however is typically more costly and less available as compared with an isochoric type.
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Chapter 8: Summary & Future Work

With increased interest in adoption of renewable energies, energy storage has become a logical
solution to the renewable power intermittency. Compressed air energy storage has received much
attention, however conventional systems require the combustion of natural gas, necessitate large
storage volumes, and operate at high pressures, which possess inherent problems such as strict
geological locations, high costs, and the production of global warming emissions. Through this
research, a novel and patent hybrid thermal-compressed air energy storage system is presented as
a viable solution. In an attempt to investigate the theoretical performance limits of the system,
An ideal thermodynamic model was developed of the hybrid storage system. The analysis
considered perfect performance indices for the components (isentropic efficiency and
effectiveness) and explored the integral built-in boundaries of operation of the storage cycle with
respect to the corresponding Brayton and Carnot cycles. The models included cycles with and
without regeneration. The results of this research conclude that consistent with the advanced
adiabatic compressed air energy storage concept, in the limit of no heat addition to the system
the ideal cycle has 100% theoretical roundtrip efficiency. In this limit the compression and
expansion occur along the same isentrope. The addition of heat through thermal storage takes the
expansion process off the compression isentrope and results in a non-unity round trip efficiency
even in the case of perfect components. The efficiency of the storage cycle approaches that of a
classical Brayton cycle as the temperature of the thermal storage increases. In general, the energy
storage cycle, namely compressed air energy storage, is not bound by the Carnot efficiency, as

the Carnot efficiency is limited to heat engines, not energy storage cycles.
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A realistic hybrid storage system was investigated, with irreversibilities dictated through
specified isentropic component efficiencies. A sliding-pressure cavern is throttled in the
discharge process to a constant pressure, i.e. the prime pressure, under both isothermal and
adiabatic cavern conditions. The two assumptions were investigated as they demonstrate the two
possible extreme cavern conditions. Parametric studies of the prime pressure were investigated
for both cavern conditions. Through the parametric study, the existence of an optimum prime
pressure leading to maximum roundtrip efficiency was found. For both isothermal and adiabatic
cavern conditions, the maximum round trip efficiency is within the same proximity, although the
associated optimum prime pressure for an adiabatic cavern is considerably higher. An AA-CAES
system was also modeled as a comparison with a throttled, isothermal, sliding pressure cavern
employing the same isentropic component efficiencies used for the HT-CAES model. It was
found that the roundtrip efficiency of the AA-CAES system is highly dependent on the storage
temperature. In the limiting case when the heat rate capacity ratio is unity, C,=1, i.e. when the
LTES can reach the highest possible temperatures, the roundtrip efficiency for a practical yet
high prime pressure of 50 bar is approximately 47%. The roundtrip efficiency of an HT-CAES
system with same output power of 100MW, a flow rate of 150kg/s and a prime pressure of 15bar
is about 53%. The implication of this result is that even in the case of maximum LTES
temperature, 725K, which is higher than what can be provided by currently available

compressors, an HT-CAES system is more efficient by 6.5%.

A modified hybrid thermal and compressed air energy storage configuration is presented which

includes a turbocharger on the discharge side. The addition of both thermal energy storage and a

turbocharger have the effect of significantly leveraging the cost of the system, as supplementary
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mass flow rate is provided along side the stored air, and the cost of thermal storage is
considerably cheaper than air storage. The reduced system cost, however, comes at the expense
of a reduced efficiency, as the performance of heat engines are bound by the Carnot limit and
compressed air energy storage, theoretically, has no such constraint. The modified hybrid system
provides the flexibility of adjusting to a myriad of storage volumes based on available geological
restrictions. In addition, the hybrid storage system performs best at low storage pressures, which
reduces the complexity as it alleviates the need for multistage compression and expansion. The
thermodynamic optimization results provide the operational efficiency, cost and storage sizing
(thermal and air volume) maps, which can be used as a reference in future development
endeavors. In addition all mass flow rate maps are provided, which dictate the necessary
machinery sizes. The operational flexibility of HT-CAES is particularly useful as the priorities of
various energy applications are not unique, these priorities may include cost, efficiency, and
footprint.

An optimization objective based on minimum entropy generation was investigated in the hybrid
thermal and compressed air energy storage system. The cases of both internally reversible and
irreversible conditions were analyzed. It is shown that a hybrid compressed air energy storage
system designed based on this criteria may operate at an output power, energy, and exergy
efficiency, which is lower than what is theoretically feasible. Only under certain circumstance
does the minimum entropy generation coincide with maximum energy and exergy efficiencies.
Moreover it was generally observed that the optimum operating pressure conditions based on
maximum energy efficiency, maximum exergy efficiency, and minimum entropy generation can

be ordered in the following manner: r(Sgen,min) < r(n,,'max) < T(Mrmax)-
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An exergy analysis of the system was undertaken. Specifically, the exergy destruction of each
component in the Hybrid thermal and compressed air energy storage system was calculated and
presented. The exergy destruction of each component within the system was presented as
functions of the energy allocation fraction, beta, and the prime pressure. These two variables are
the center of investigation throughout this research as their variance provides the entire
operational map of the system. The associated maps corresponding to internal component
irreversibility magnitudes of the hybrid storage system were provided. The exergy destruction
was normalized by the constant output energy of the plant, 600MWh. The calculated and
normalized exergy destruction maps provided a means of comparing the component exergy
destruction magnitudes for assessing and pinpointing the sources of largest irreversibilities. The
exergetic component efficiencies were also presented and compared. Both component exergy
destruction and their exergetic efficiencies demonstrate that the largest source of avoidable
exergy destruction result from the irreversibilities associated with throttling and the
irreversibilities associated with mixing losses within the air storage medium. In the case of an
isochoric air storage medium, introducing variable pressure turbines can eliminate throttling
losses. Moreover, the mixing losses within an isochoric cavern can be eliminated through the use
of an isobaric air storage medium, however such architecture is not as available and typically
requires higher capital costs. Future works should include proper account of HTES heat losses
during charge and discharge to quantify the roundtrip efficiency of thermal energy storage. In

addition, future works should account for pressure losses throughout the cycle
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