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Abstract

CAES (Compressed Air Energy Storage) and LAES (Liquid Air Energy Storage)
are two of the most promising long-term energy storage solutions. However, CAES
requires robust equipments and components due to the higher working pressures
involved and also lower energy density, while LAES requires air liquefaction cycles,
which imposes a relevant restriction to efficiency and increase costs. This work eval-
uated the potential use of organic fluids as an energy storage medium and proposed
an energy storage system, named ORES (Organic Rankine Energy Storage) as an
alternative to LAES and CAES. The objective of the ORES system is to gather
some of the qualities and mitigate some of the drawbacks of both CAES and LAES.
This study first focused on the evaluation of the potential of organic fluids as an
energy storage medium in terms of exergy density and cost of the storage system
(tank and fluid). Before evaluating the storage system, a set of five organic fluids
was selected based on technical maturity, safety and environmental factors, namely
R-152a, R-134a, R-142b, R-365mfc and R-141b. The evaluation of the potential of
organic fluids as an energy storage medium showed that all of the evaluated working
fluids achieved an exergy density higher than that of compressed air. The maximum
exergy density for the organic fluids ranged from 8 to 15 kWh m =3 for pressures up
to 4,200 kPa while the maximum exergy density for compressed air is 6.5 kWh m =3
and 180 kWh m =3 for liquid air. The cost of the storage system (tank and fluid)
was found to be around 33% cheaper for the organic fluids close to their respective
critical pressure when compared to the cost for compressed air at common CAES
operational pressure (8,000 kPa). Then, the cost per unit exergy was calculated,
R-152a, R-134a and R-142b had the lower cost per unit exergy. While the minimum
cost per unit exergy for compressed air ranged from 3,000 to 5,000 $ kWh™!, the
cost for R-152a, R-134a and R-142b ranged from 1,000 to 2,000 $ kWh~! for stor-
age volumes of 2 and 10 m3, respectively. In the second part of this study, a novel
energy storage system based on the ORC (Organic Rankine Cycle) was proposed.
The ORES system was evaluated under a quasi-steady state analysis and transient
analysis for the same fluids as for the organic fluid potential analysis. The quasi-
steady state analysis evaluated the effects of pressure at the HPT (High Pressure
Tank) and the superheating degree on round-trip efficiency and the transient anal-
ysis evaluated the effects of high and low pressure tank volume on efficiency, energy
density and CAPEX. The round-trip efficiency of the ORES system was relatively
high for both the quasi-steady state and transient analysis, reaching up to 74% and
73%, respectively, similar to that of CAES and LAES. However, the energy density
for all organic fluids was lower than that of CAES, reaching only up to 2.29 kWh
m~3 for R-365mfc. This study showed that organic fluids have the potential to be
an alternative to CAES and LAES for medium-scale, long-duration, energy storage
systems, both in terms of efficiency and cost. It is believed that the proposed system
can be further improved and, potentially, surpass the energy density of CAES while
also reducing CAPEX, which was already cheaper than CAES.

Keywords: Organic Rankine Cycle, intermittent energy generation, energy storage,
organic fluid.



Resumo

Este trabalho avaliou o potencial uso de fluidos organicos como meio de armaze-
namento de energia e propoe um sistema de armazenamento de energia, chamado
de Armazenamento de Energia Rankine Organico (ORES) como alternativa aos
sistemas LAES (Armazenamento de Energia por Ar Liquido) e CAES (Armaze-
namento de Energia por Ar Comprimido). CAES e LAES séo duas das principais
alternativas para armazenamento de energia de longo prazo. No entanto, CAES re-
quer equipamentos e componentes robustos para lidar com as elevadas pressoes e
também apresenta baixa densidade de energia, enquanto o LAES requer ciclos de li-
quefacao de ar, o que impoe sérias restrigoes a eficiéncia e maior custo. O objetivo do
sistema ORES ¢é incorporar algumas das vantagens enquanto mitiga as desvantagens
de ambos os sistemas CAES e LAES. Este estudo focou, inicialmente, na avaliagao
do potencial dos fluidos organicos como meios de armazenamento de energia em
termos de densidade de exergia e do custo do sistema de armazenamento (tanque e
fluido). Antes de avaliar o sistema de armazenamento, um conjunto de cinco fluidos
organicos foram selecionados com base na maturidade técnica, seguranca e fatores
ambientais, R-152a, R-134a, R-142b, R-365mfc e R-141b. A avaliagdo do potencial
de fluidos organicos como meio de armazenamento de energia mostrou que todos
os fluidos avaliados atingiram densidade de exergia superior a do ar comprimido. A
maxima densidade de exergia para os fluidos organicos variou de 8 a 15 kWh m ™3
para pressoes de até 4,200 kPa enquanto a maxima densidade de exergia para o
ar comprimido ¢ 6,5 kWh m ™3 e para o ar liquido 180 kWh m™3. O custo do sis-
tema de armazenamento (tanque e fluido) para os fluidos orgénicos foi cerca de 33%
menor quando comparados ao ar comprimido em condigdes operacionais comuns
de sistemas CAES (8.000 kPa). O custo por unidade de exergia foi, entao, calcu-
lado, sendo obtidos os menores valores para R-152a, R-134a e R-142b. Enquanto
o custo por unidade de exergia minimo para o ar comprimido variaram de 3.000 a
5.000 $ kWh™!, o custo para R-152a, R-134a e R-142b variou de 1.000 a 2.000 $
kWh~! para volumes de armazenamento de 2 e 10 m?, respectivamente. Na segunda
parte deste estudo um novo sistema de armazenamento de energia baseado do ORC
(Ciclo Rankine Organico) é proposto. O sistema ORES proposto foi avaliado con-
siderando uma andlise em regime quase-permanente e uma analise transiente para
os mesmos fluidos avaliados na anélise do potencial dos fluidos orgénicos. A anélise
quase-permanente foi usada para avaliar os efeitos da pressao no HPT (tanque de
alta pressdo) e o grau de superaquecimento na eficiéncia de ciclo e a anélise transi-
ente foi usada para avaliar os efeitos do volume dos tanques de alta e baixa pressao,
na eficiéncia, densidade energia e CAPEX do sistema. A eficiéncia de ciclo do sis-
tema ORES obtida foi relativamente alta sob ambas a andlise quasi-permanente e
transiente, alcancando 74% e 73%, respectivamente, valores similares aos alcanca-
dos pelos sistemas CAES e LAES. No entanto, a densidade de energia do sistema
ORES foi inferior ao do CAES, alcancando 2,29 kWh m—2 para o R-365mfc. Este
estudo demonstrou que os fluidos organicos tém o potencial de se apresentar como
alternativa aos sistemas CAES e LAES para armazenamento de energia em média
escala e longa duragdo ambos em termos de eficiéncia e custo. Acredita-se que o
sistema proposto pode ser aprimorado e, potencialmente, superar a densidade de
energia do sistema CAES e ter seu CAPEX reduzido.

Palavras-chave: Ciclo Rankine Orgéanico, Geragao intermitente de energia, Arma-
zenamento de Energia, Fluido orgénico.
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1 Introduction

Renewable energy systems, especially wind and solar energy, have increased rapidly
in the past decades, surpassing 25% of the global electricity generation and are expected
to reach up to 85% of total energy generation by 2050 (20). The intermittent nature of
these systems poses a challenge to energy safety in scenarios of high renewable energy
penetration as these can be highly variable. The reliability of energy supply in such
scenarios can be increased by demand-side management, supply-side management, grid
extension, energy storage systems and others. Amongst these solutions, energy storage

systems are considered one of the most promising (21, 22, 23).

CAES (Compressed Air Energy Storage) represents the second largest bulk-scale
energy storage system worldwide, in installed capacity (24, 25). Despite its low self-
discharging rate, high energy storage capacity and long lifetime, CAES systems have
a low energy density, therefore they require a large storage vessel, which may only be
feasible when suitable geological formations are available. This restricts the application
potential of CAES, likely resulting in increased costs and energy loss because of the longer

distances of electric power transmission (26, 27).

LAES (Liquid Air Energy Storage) systems have been proposed as an alternative
to CAES providing high energy storage capacity and low self-discharge rates without the
geographical constraint, but at the expense of new challenges, mainly related to the air
liquefaction process, which involves expensive equipment and has relatively low efficiency.
In a LAES system the air is liquefied before storage, achieving a higher density, which

makes it possible to store the air in artificial tanks, even for large scale systems (28, 29).

Recently some studies have proposed new alternatives in an attempt to avoid the
main disadvantages of both CAES and LAES systems. Hybrid CAES-LAES system have
been proposed, initially by (30) and afterwards by (31), with the objective of increasing
energy density with the LAES tank whilst reducing the efficiency limitations of LAES and
mitigating depressurization during discharge and the dependence on geological formations
of CAES. New systems have also been proposed, such as the CCES (Compressed CO,
Energy Storage) and PTES (Pumped Thermal energy storage) but are still on the earlier
stages of development (5, 8, 32).

In contrast to air, many organic fluids can be stored at high pressures and am-
bient temperature in a liquid state, increasing energy density whilst still retaining the
capacity to recover power. Organic fluids have replaced water as a working fluid in dif-
ferent engineering applications, generating power from low temperature heat sources and
improving system efficiency (33, 34, 35, 36, 37). The ORC (Organic Rankine Cycle) is
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one of the most studied cycles for organic fluids, usually with low or medium temperature
heat sources, such as waste heat (34, 38, 39, 40), biomass (41, 42), solar thermal (33, 35)
and geothermal (43, 44) power plants. ORC design can be highly flexible and complex as
there are several organic fluids to choose from, each resulting in different optimal ORC

parameters (19).

1.1 Objectives

The main objective of this study is to evaluate an alternative type of energy storage
system, that uses organic working fluids instead of air as a working fluid. It is intended to
achieve an energy density higher than that for CAES but with lower investment relative
to LAES systems. The characteristics of the ORC indicate that this new energy storage
system can be suitable for long-term, small to medium-scale applications, such as energy
arbitrage, peak shaving and load leveling (25). This objective was divided in two parts.
First, the potential of organic fluids as an energy storage medium was evaluated in terms
of exergy density and of the storage system cost. In the second part, an energy storage
system was proposed and evaluated, first in terms of efficiency based on a quasi-steady
state analysis and then under a transient analysis in terms of round-trip efficiency, en-
ergy density and capital cost. All models developed in this study were implemented in
MATLAB with the CoolProp library for thermodynamic properties (17).

1.2 Thesis structure

After this brief introduction, chapter two reviews energy storage systems, covering
technologies, applications and markets. Chapter three covers the use of organic fluids in
energy generation, including fluid selection, ORC optimization, main applications and
design process. Chapter four presents a preliminary analysis of organic fluids as energy
storage medium and chapter five presents a thermodynamic and cost analysis of the ORES
(Organic Rankine Energy Storage). The final chapter presents the main conclusions and
implications of the results obtained during this research along with suggestions of future

studies based on this research.
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2 Energy storage

Electric energy storage is one of the alternatives, other than transmission and
distribution grids, demand and supply-side-management, to provide stability for power
systems (45). The reliability of an energy system refers to its capacity to cope with fluc-
tuations in supply and demand over different time scales, such as sudden energy outages,
generator failure, or demand spikes (46). Energy storage systems have been used for sev-
eral years to contribute to the reliability of an electric grid and have been increasingly
needed due to the fast expansion of intermittent renewable energy sources, most notably
solar and wind energy, which are responsible for increasing grid energy instability. A
review work on research from 17 energy storage expansion studies involving over 400 sce-
narios of intermittent renewable energy in Europe and in the U.S. has concluded that as
the renewable energy share increases, the energy storage power demand increases linearly,
whilst the energy capacity demand increases exponentially. Therefore, significant energy
storage capacity is needed for scenarios with over 25% share of renewable energy sources,

a scenario that is becoming increasingly realistic all around the globe (45, 47).

This chapter will first present a brief introduction to energy markets, followed by
an introduction to the main functions of energy storage in power systems, the different
classifications of ESS (Energy Storage Systems), a description of the main performance

indexes and, finally, a brief description of key long-term energy storage systems.

2.1 Energy management

The main task that must be pursued by electric grid operators is to balance the
energy demand and supply in different time scales (seasonal, weekly, daily, hourly and
transient). The total energy demand is composed of three main types of consumers: resi-
dential, commercial and industrial, each of these groups with a different consumption pat-
tern (48). Seasonal variations are differences in consumption due to climate conditions,
e.g. use of air conditioners and heaters. Weekly variations are related to the different
consumption profiles during weekdays and the weekend (when residential consumption is
higher while industrial and commercial demands are lower). Daily and Hourly variations
occurs mostly due to residential consumption (as commercial and industrial are usually
relatively stable) and related to consumption habits, e.g. higher demand during the pe-
riod when people are returning home, preparing meals, using the shower, etc. And, finally,
transient events are the result of random individual events (49). Figure 2.1 presents the
Brazilian hourly load for June, 20th and December, 21st, both Fridays, and the Sundays
June, 22nd and December 23rd, all for 2019, illustrating the difference between weekday
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and weekend loads, summer and winter loads and hourly variations.
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Figure 2.1 — Hourly Brazilian load for weekdays and weekends during winter and summer
of 2019 (1).

In order to ensure a stable, reliable, constant supply of energy the electricity oper-
ator must anticipate and react to changes in the demand by activating the most suitable
services to mitigate an excess or insufficient supply whilst minimizing energy cost, which
is where ESS have their role (45).

2.2 Energy storage classifications

ESS are usually classified based either on the application of the system or on the
form of the stored energy (21). ESS can be classified in three main groups based on their
application: power quality, bridging power or energy management. Each of these groups
are comprised of several services with a wide variety of requirements, constraints and

economic opportunities (49, 50).

Energy management consists in bulk-storage of scales above 100 MW with hourly
to daily output duration and storage for up to 4 months (50, 51, 52). Energy arbitrage is
one of the main examples of this type of service, energy is bought from the grid during
off-peak times, when energy price is low, and is sold to the grid during peak hours, when

energy price is high.

Bridging power is characterized by energy supply over a period of seconds to
minutes with the purpose of ensuring power continuity, usually applied when switching

between two different power sources. ESS for power bridging are usually characterized by
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moderate power (100 kW - 10 MW) and response time (around 1 s). For example, the
operator can have a reasonable forecast for the increase in demand at the early hours of
the day, therefore it schedules the operation of assets to follow the load curve during this
period (49, 51).

Power quality applications require energy supply for short periods of time, a few
seconds, and rapid cycling energy needs, sometimes caused by instabilities in energy gen-
eration or sudden peaks in energy demand, with the objective of assuring the contin-
uous generation of power with the desired operational frequency and voltage. ESS for
power quality must have low response time (order of milliseconds) to respond to sudden
mismatches between supply and demand. One of the main services for power quality is
frequency response services, e.g. frequency response services in the UK national grid are
required to have a response time from 2 to 30 s and generation for up to 30 min, depend-
ing on the type of frequency response service (2). Figure 2.2 shows the frequency in the
Great Britain electric grid with a 1 s resolution for a 30 min period and the operational
limits of the system. In the Great Britain electric grid the frequency must be kept be-
tween 49.5 and 50.5 Hz, but a narrower interval is set by the operational limits in order
to achieve a safety margin. In this scenario fast response services, such as Li-ion batteries,
supercapacitors and FESS (Flywheel Energy Storage Systems), are connected to the grid
and respond to changes in the grid frequency either continuously or when a determined

frequency limit is crossed, depending on the contract with the grid operator (2).
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Figure 2.2 — Frequency variation in Great Britain and limits for operation (2).

The operation of a PV (Photovoltaic) system combined with a NaS battery is now
presented to illustrate more clearly some of the applications of ESS in Figure 2.3. The
system in Figure 2.3 is required to provide a constant power of 500 kW between 09:00
and 18:00 for this specific day. Without the ESS the PV system would only be able to
provide the required power until 15:00, after this time it would need a complementary

source to provide partly or completely the energy demand. The battery is then used to
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relocate the surplus energy during high energy generation periods to later hours (Energy
management) and also stabilise energy generation (Power quality). In the present case
there is a period of energy shortage at around 12:00 h which uses the ESS to maintain
energy supply at the required power output. It is important to note that the provided data
is characteristic of a relatively clear day, during a cloudy or rainy day energy generation
is more unstable and the impact of the ESS would be even more relevant (3). It should
also be noted that this example also illustrates that an ESS can provide multiple services

in the same installation.
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Figure 2.3 — Power and Battery State of Charge (SoC) over a day for a photovoltaic
system combined with a NaS battery system (3).

Energy storage systems can also be classified based on the form of the stored
energy, which is a more straightforward and intuitive approach. The classification for the

main energy storage technologies is presented in Figure 2.4.
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Figure 2.4 — Energy storage classification based on the form of stored energy.

2.3 Key performance indexes

In this section, the main performance indexes for the comparison of ESS are pre-
sented. Common indicators such as system life time, technological maturity, capital and
operational costs should naturally be considered when evaluating potential ESS. The suit-
ability of an ESS to each application group is linked to ESS characteristic parameters,
such as power rating, response time, energy storage capacity and discharge duration. For
example, CAES systems are capable of storing massive amounts of energy over a reason-
able period of time (for days or even months) but are usually characterized by relatively
high response times. Therefore, they are more indicated to bulk energy storage, whereas
supercapacitors can provide considerable power almost instantaneously, but only for a

short period of time, being indicated for intra-minute, power quality applications.

Round-trip efficiency, self-discharge rate, energy and power density are key pa-
rameters for the evaluation of ESS. The round-trip efficiency is defined as the ratio of
net electric energy generated during discharge and the electric energy consumed during
the charging process, representing an overall efficiency of the system. Most commercially
mature ESS usually present an efficiency over 60 % (21). The self-discharge rate is the
result of loss of energy during storage which can be dissipated in several forms and is a
key factor in determining the ESS potential storage duration. For example, CAES have
a low self-discharge rate due to air leakage and can store energy for months while su-
percapacitors have a high daily self-discharging rates which can range from 10 to 100 %,
meaning they can lose all of their stored energy in a period of hours (21). The energy
density is defined as the ratio between generated energy and the total mass or volume of
the system. Depending on the type of energy density to be calculated, the energy density

is particularly important as it indicates the required volume of the storage vessel, which
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is directly related to storage capital cost and might also characterize a project constraint.
The power density is similar to energy density but with the rated power on the nominator
rather than the total generated energy (53). Figure 2.5a shows the range of parameters
required by different applications and Fig. 2.5b shows the parameters of some of the main
ESS. Power quality services, for example, require low to medium power ratings with a
discharge time from minutes to hours, which can be provided by supercapacitors and

flywheels, as illustrated in Fig. 2.5b.
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Figure 2.5 — ESS (a) application requirements and (b) operational parameters (4).



Chapter 2. Energy storage 26

2.4  Thermo-mechanical systems for long-term energy storage

2.4.1 Compressed Air Energy Storage

Long-term energy storage is usually achieved through PHES (Pumped Hydroelec-
tric Energy Storage) or CAES because of their lower cost per kWh, lower self-discharge
rates and technological maturity (54, 55). The charging phase in CAES consists in the
compression of ambient air, in a compressor or set of compressors, the air is subsequently
cooled in a cooler or TES (Thermal Energy Storage) and stored at high pressure. During
discharge the pressurized air is heated, in a heater and/or TES, afterwards it expands,
generating energy and is, finally, released to the environment. Past CAES plants use nat-
ural gas to heat the compressed air before each turbine, as shown in the schematics for
the CAES plant installed in Huntorf, Germany, Fig. 2.6. More recent designs for CAES
systems recover the heat of compression instead of burners to increase system efficiency
(5, 56, 57).

Air out (Dischargi
AlrIn (Charging) ir out (Discharging)

HP-Compressor

HP-Turbine  LP-Turbine

LP-Compressor

o Lz

Intercooler Aftercooler

X X

HP-Burner LP-Burner

KK

Figure 2.6 — Schematics of the CAES plant in Huntorf, Germany (5).

CAES systems can be classified as Adiabatic, Diabatic and Isothermal CAES (usu-
ally referred to as A-CAES, CAES and I-CAES) depending on how air is stored and heat
is dissipated. In an A-CAES system the heat of compression is stored in a TES to be
recovered during the discharging process, while in the diabatic CAES, such as the one
on Fig. 2.6, this heat is lost to the environment and a heat source must be available for
the expansion process. I-CAES has an nearly isothermal compression and expansion pro-
cesses, increasing round-trip efficiency and lowering cost (58). Both A-CAES and I-CAES

are developments in CAES to increase its competitivity as an energy storage system.
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One of the main disadvantages of CAES is their relatively low energy density,
as the energy is stored in the form of pressurized air. As a consequence the required
volume for bulk energy storage with CAES is high, increasing the capital cost of pressure
vessels and are usually viable for bulk energy storage when associated with underground
caverns or aquifers (59). This imposes an important restriction for the use of CAES,
even higher than for PHES, especially when combined with wind or solar energy as the
installation region must have the adequate conditions for energy generation (solar and/or
wind resources) and also have natural formations allowing high pressure air storage (60).
Figures 2.7 and 2.8 shows the possible sites, in red, for installation of hybrid renewable

energy-CAES systems in Iran (6) and China (7), respectively.
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Figure 2.7 — Potential hybrid Wind energy / CAES installation sites (in red) in Iran (6).

Figure 2.8 — Potential hybrid Wind-Solar-CAES installation sites (in red) in China (7).
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The study of Figures 2.7 and 2.8 indicates the limitations imposed by the combi-
nation of CAES with photovoltaic and/or wind energy systems. It should be noted that
the restriction for installation in China was higher than for Iran, as it considered hybrid
Wind-Solar-CAES systems. If only Wind-CAES systems were considered there would be

more alternative sites, specially on the southeast region of China (7).

2.4.2 Liquid Air Energy Storage

LAES (Liquid Air Energy Storage) was developed as an alternative to CAES.
Higher energy densities can be achieved because air is stored in liquid state at cryogenic
temperatures, avoiding the geographical constraints imposed to CAES and PHES (61).
During the energy storage process, excess energy is used for the liquefaction process,
which consists in the compression of ambient air followed by cooling and expansion in
an expansion valve. After that, air reaches the storage tank, where it is kept around
ambient pressure and cryogenic temperatures (circa 77 K). The fraction of that has not
been liquefied returns and is used to cool the air leaving the compressor. After this, the
returning air is mixed with ambient air and completes the cycle. During the discharging
phase, liquid air is pumped by a cryogenic pump, and heated (either with heat stored
from the liquefaction process or an external source) before entering the turbine (62). For
most LAES systems, multiple stages are needed for both the compression and expansion
processes. The schematics for a simple LAES system is shown in Fig. 2.9. Most LAES
systems employ several mechanisms, such as heat and cold recovery and by-pass turbines,

to increase system efficiency (29, 63).
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Figure 2.9 — Schematics of a LAES plant.
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LAES are on an earlier stage of deployment but already have been installed at
pilot and commercial scales in the United Kingdom reaching up to 5 MW (29). One of
the main challenges for LAES is related to cost, that is mostly comprised of investment
on the charging/liquefaction process that can be over three times the investment with
the discharging process components or the storage tank (64, 65, 66). LAES are also
significantly affected by off-design conditions, a study on LAES for three combinations
of arbitrage, STOR (Short-Term Operating Reserve) and fast reserve services and found

loss in component efficiency of up to 50% and in the round-trip efficiency of up to 30%
(67).

2.4.3 Compressed CO,y Energy Storage

Recently, new ESS, known as CCES (Compressed COy Energy Storage) and PTES
(Pumped Thermal Energy Storage), have been proposed as alternatives to CAES. CCES
operates with two tanks, a high pressure tank and a low pressure tank. During energy
storage CO, from the low pressure tank is compressed and cooled before entering the high
pressure tank. During energy discharge the CO, from the high pressure tank is heated and
expanded before being cooled down again before returning to the low pressure tank(S).

Figure 2.10 illustrates the schematics and T-s diagram for a CCES system (8).
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Figure 2.10 — Schematics of a CCES system (8)

CCES operates with pressures ranging from 25 to 200 bar, whereas CAES operates
between ambient pressure and 80 bar, and is still on an earlier stage of development.
CCES has been evaluated analytically achieving an energy density of 8 Wh/L, higher
than CAES, and a round-trip efficiency ranging from 56 up to 71%, slightly higher than
that for LAES systems (8, 68, 69, 70).

2.4.4 Pumped Thermal Energy Storage

The PTES is composed of a compressor, an expander and two thermal storage
vessels, one hot and the other cold. During energy storage it works as a heat pump,
transferring heat from the cold to the hot thermal storage, and during energy generation
it operates as a heat engine. PTES is on a more advanced stage of development, with the
first grid-scale demonstration plant, with a capacity of 150 kW / 600 kWh, in operation in
Newscastle, UK (32). Figure 2.11 shows a basic schematic for PTES and its T-s diagram.
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Figure 2.11 — (a) Schematics and (b) T-s diagram for the PTES system (charging in the
left and discharging in the right) (5).

Reported values for the round-trip efficiency of PTES systems range from 40% up
to 130%, mostly working with heat sources of up to 450 K (32, 71, 72, 73).

2.5 Hybrid Energy Storage systems

Another solution for the expansion of applications for energy storage is the integra-
tion of two or more energy storage technologies to supply a wider array of applications. In
hybrid energy storage systems one storage is used as the bulk energy storage, with lower
self-discharge rate and lower energy-specific cost, while the other storage is dedicated to
transient and power quality applications, with low response time and high cycle lifetime
(22, 74). Some examples of possible hybrid systems are CAES-SMES, PHES-FESS and
BESS-supercapacitor (23). The increased complexity in the design process results in a
system with an increased lifetime, lower cost and lower response time. Hybrid systems

are particularly suitable for microgrid applications (74).
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2.6 Conclusions

This chapter reviewed the background for energy storage systems, defining the
main requirements as a function of energy grid application. This was followed by the
presentation of the main classifications of ESS, their key performance parameters, and a

brief introduction to the main bulk energy storage systems.

Increased energy demand and the expansion of intermittent energy sources in
several national grids has increased the demand for bulk scale energy storage systems.
The most mature bulk scale energy storage systems, PHES and CAES, have geographical
constraints which also imply higher energy loss with transmission. More recent research
have proposed a variety of new energy storage systems as alternatives to the traditional
bulk storage systems, the most promising being LAES, CCES and PTES.
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3 Organic Rankine Cycle

The ORC (Organic Rankine Cycle) was developed to allow the extraction of power
from low-temperature heat sources, such as geothermal, solar and biomass. The ORC is
very similar to the traditional SRC (Steam Rankine Cycle) but with the substitution
of water by an organic fluid (usually hydrocarbons or refrigerants). The use of water
as a working fluid in a Rankine cycle leads to multistage turbines with wet expansion,
increasing costs and making it infeasible for low-temperature energy sources (14). Organic
fluids have been considered as working fluids instead of water based on two aspects.
First, the use of organic fluids adds another degree of freedom during the design phase,
allowing a more flexible design process that matches more closely the heat source and heat
sink temperature profiles. Secondly, the development of Steam Rankine cycles for low to
medium power with high efficiency and at a feasible cost can be challenging, requiring

multiple stages and complex plant layouts (14, 75).

Cycles based on organic fluids have been studied for several years, a first patent
dating to 1832. Despite the age of the system, research has been encouraged by several
events over time, such as the oil crisis in the 80s and, most recently, the increased interest
in renewable energy sources (10, 13). The working fluids used in the ORC have lower
boiling temperatures and pressures, reason for the higher potential of application for low-
grade heat sources. Another advantage is that the working fluids suitable for the ORC
usually present either an isentropic or positive sloped saturation vapor curve, resulting
in a dry expansion, which reduces expander wear and, consequently, maintenance costs
(9, 13). The comparison of the T-s diagram for water and some common organic fluids is

shown in Figure 3.1.
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Figure 3.1 — Comparison of the T-s diagram of water and some organic fluids (9).
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The skewed characteristic of the T-s curve for organic fluids indicate that the
evaporation process requires less heat than water. It can also be seen that R-134a, R-
245fa and R-123 have isentropic vapour saturation curves while Toluene, Heptane and
Pentane have a positive sloped saturation curve, which means all of the fluids shown have

a dry expansion.

In an ORC, the working fluid is pumped and goes through an evaporator before
entering the expander as superheated vapor, generating power, and is then cooled in a

condenser before reentering the pump, as represented on Figure 3.2.
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Figure 3.2 — Organic Rankine Cycle schematic representation (10).

3.1 Working fluid properties

Several factors must be taken into account when choosing the working fluid and
they can be divided in safety, environmental and thermo-physical properties, as presented
in Fig. 3.3.

The evaluation of some properties is rather straight forward. It is desired that
the fluid has higher density, as this results in smaller components; lower viscosity, which
results in lower friction; lower cost; and fluid availability. ORCs are usually more efficient
when the critical temperature of the fluid is close to the maximum temperature of the heat
source. The slope of the evaporation line is also important, as discussed at the beginning
of the chapter. Researches indicate that, for low-temperature heat sources, isentropic and
dry fluids outperform wet fluids (13, 76). The safety of the fluid can be obtained by
their safety classification as established by ASHRAE, which expresses both toxicity and
flammability. The classification is composed of two digits, the first refers to toxicity and

goes from A, representing toxicity not identified at concentrations lower than or equal to
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Figure 3.3 — Main characteristics of organic fluids (11).

400 ppm, to B, toxicity identified for concentrations below 400 ppm, and the second to
flammability, from 1 to 3, with 1 representing no flame propagation at ambient conditions
(which ASHRAE considered to be 21 °C and 101 kPa), 2 have lower flammability limit
and 3 are highly flammable (A2L and B2L are lower flammability refrigerants with a

minimum burning velocity under 10 cm s™!) (77), Fig. 3.4 illustrates this classification.
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Figure 3.4 — ASHRAE Standard 34 Safety Classification groups (12).

The environmental safety of the fluid is mainly evaluated considering the effects
on the ozone layer and on climate change with the ODP (Ozone Depletion Potential)
and GWP (Global Warming Potential), respectively. The ODP is defined as the ratio of
the impact of the chemical component on ozone to the impact of R-11 (78). The GWP
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was developed to allow comparisons of the global warming impacts of different gases.
Specifically, it is a measure of how much energy the emissions of a ton of the chemical
component will absorb over a given period of time relative to the emissions of one ton
of carbon dioxide (CO;). The larger the GWP, the more the given gas warms the Earth
compared to CO, over that time period. The time period usually used for GWPs is 100
years (79).

3.2 Expanders

The expander selection is a function of the working fluid, operating conditions
and range of power output and can be classified in two groups: volumetric and velocity
expanders (13). Volumetric expanders (vane, scroll, screw and piston) are suitable for low
to medium scale systems (up to 200 kW) whereas velocity expanders (axial and radial
turbines) for medium to large scale (over 500 kW), with a maximum power capacity of

10 MW (13, 75, 80, 81).

Volumetric expanders can be classified as either rotary or reciprocating. Among
the volumetric rotary expanders, the screw expander is one of the most used, which can
generate up to 5 MW, but being more suitable for the range of 50 kW to 1 MW, as
volumetric expander cost increases considerably for higher power rates (81). For higher
power capacity, axial turbines are better suited to work with high mass flow rates and
low-pressure ratio while radial turbine is more suitable for systems that have low mass
flow rates and high-pressure ratios. Therefore, the radial turbines are usually preferred
over axial turbines in ORC applications (82). Figure 3.5 illustrates the classification of

expanders based on power capacity, type of expander, stages and pressure ratio.
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Figure 3.5 — Expander classification based on power capacity, expander type, number of
stages and pressure ratio (13)
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3.3 Organic Rankine Cycle classification

The ORC can be classified as subcritical or supercritical (also called transcritical)
depending on the number of phases during the heating of the working fluid before entering
the turbine. In a subcritical ORC the working fluid is heated in an evaporator passing
through a two-phase state and in the supercritical ORC the working fluid is directly
pumped up to a supercritical pressure. It is then heated in a vapor generator, bypassing
the two-phase region (83). Research on supercritical ORC is relatively recent, but it has
outperformed the subcritical ORC in most comparative studies, mostly because of the
higher mean temperature in the heating process. However, the work of (84) supports that
supercritical ORC would only operate properly for large differences between inlet and
outlet temperature of the heat source and the work of (85) obtained maximum net work
output for near-critical conditions instead of supercritical conditions. The work presented

by (86) also indicate supercritical ORC only for heat source temperatures over 240 °C.

The Organic Rankine Cycle can also be classified based on the class of the working
fluid (hidrocarbons, fluorocarbons, siloxanes or a mixture of organic fluids) each suitable
for different thermal energy source (75). The incorporation of a fluid mixture in an ORC
design requires the selection of the fluids to be mixed and the fractions of each fluid
on the mixture. Working fluid mixtures increases the complexity of system design, whilst
also increasing flexibility and might improve heat transfer because of their non-isothermal
phase change (87, 88). For example, (89) realized an experimental study comparing two
ORC, one with pure R-245fa and a second with a mixture of R-245fa and R-134a, with
heat source temperatures between 80 °C and 120 °C and observed that the ORC with
working fluid mixture generated more power for the lower temperatures (from 80 °C and
100 °C), but it was lower for 120 °C, concluding that working fluid mixtures could be more
suitable in applications with higher temperature fluctuation. The range of applications

for ORC for varying scales and heat source temperatures is illustrated in Fig. 3.6.
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Figure 3.6 — ORC applications as a function of heat source temperature (°C) and power
output (14).

ORC applications can be divided in Waste Heat Recovery (WHR), Biomass, Solar,
and Geothermal ORC. Systems with power lower than 1 kW still have low efficiency,
mostly because of the expander (14).

3.4 ORC design

The high number of real and theoretical working fluids suitable for the operation
and cycle topologies increases the flexibility of ORC design to operate in a wide variety
of applications (90). However, this increased flexibility also results in a higher number of
decision parameters such as composition of the organic fluid (pure or mixed), working fluid
selection, determination of the thermodynamic states and selection of type of ORC (Sub-
critical or transcritical). Several studies have been developed on the design of ORC for
different applications with focus on different aspects, mostly focused on working fluid and
expander (91). The overall ORC design and optimization can be divided in three phases (1)
problem analysis, (2) working fluid and cycle selection and (3) system optimization, which
are often carried out iteratively to achieve an optimal design configuration and operation.
During the first phase the technical constraints, environmental and safety requirements
are used to obtain a list of possible working fluids, components selection and possible
plant layouts. The selection of working fluid and cycle is usually carried out through an
enumerative approach to simplify the selection process. An optimization process can be
carried out for each combination of fluid and plant layout (14). The design process is
illustrated in Fig. 3.7.
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Figure 3.7 — ORC design and optimization process (Adapted from (14))

Based on system parameters and requirements (operational temperature and pres-
sure range, cost, technical maturity, environmental and safety aspects) a subset of organic
fluids is selected for analysis. While subcritical cycles are the most common layout, they
are not the optimal solution for all applications and adequate variations of the system
must be evaluated, e.g. supercritical ORC plants are more suitable for heat sources with
variable temperature. The same must be observed regarding system components such as

type of expander and use of recuperators (14).

The optimization of an ORC requires the definition of the objective function,
i.e. determine a parameter to be maximized or minimized, the optimization variables,
the models for the plant components and the optimization approach and algorithm. The
objective functions for ORC can be divided in two main classes (1) maximize performance
(10, 11, 19, 92); and (2) minimize cost (13, 33, 76), which can also be combined in a

multi-objective optimization (14, 93, 94, 95). The most common performance indicators
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for optimization are net work output, first and second-law efficiency which, usually, have
the same trend in the optimization process (14, 92, 94, 96). The objective function for
cost minimization is usually more complex as it requires reliable cost correlations, heat
transfer coefficients and expander design, but represent a crucial aspect of the plant. The
main parameters used for cost minimization are the specific cost and the LCOE (Levelized
Cost of Electricity), with the latter being the most complex. The specific cost is defined
as the ratio of total capital cost of the plant over the net power output. The LCOE can
be defined as the ratio of the sum of the early costs of the system (capital, operation,
management costs and monetary incentives) over the yearly energy production for the
plant life time (14, 97, 98, 99).

3.5 Conclusions

This chapter reviewed the Organic Rankine Cycle, from applications, general prop-
erties of the organic fluids and system design. ORC have been widely used as an alterna-
tive to steam Rankine cycles in applications with low-grade temperature sources, such as
geothermal, solar and waste heat recovery, as it usually results in simpler, cheaper and
more efficient system. The variety of possible working fluids coupled with variations in
cycle topology allows the ORC to be used in a wide range of applications. The design of
ORC systems consists in the development of a list of possible fluids and topologies as a

function of the application and evaluation of each of the possible combinations.

The study of the ORC technology indicates that application of ORC components
to energy storage is suitable for small to medium scale systems, as current power output
ranges from 1 kW to 10 MW. The application of ORC for heat recovery also indicates the
potential of energy storage systems based on ORC for hybridization with other energy

storage systems, specially those that already use ORC systems to improve efficiency.
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4 Organic fluid potential as an energy storage

medium

4.1 Introduction

Organic fluids have been widely used as a working fluid in systems for energy
generation and some research has been done on the use of these fluids on ESS. However,
despite being used as a working fluid on ESS, no study has been found on the use of

organic fluids as the storage medium.

The use of organic fluids can result in a system with a higher energy density relative
to CAES, as it can store the fluid as a liquid, with higher density than compressed air,
and at lower pressures. The lower pressures and operation outside cryogenic regions also
indicate lower cost relative to CAES and LAES.

The objective of this chapter is to evaluate the potential of a generic ESS using an
organic fluid as the storage medium. As discussed in the previous section, there are several
alternative organic working fluids, including mixtures. Since this is an initial study on the
application of an energy storage system only commonly used, in literature and industry,
pure organic fluids were considered for the analysis. From the set of commonly used fluids
a sub-set was selected based on safety and environmental impact. Finally, the potential
of the fluids in this sub-set was evaluated and compared to compressed air and liquid air
(fluids used in CAES and LAES, respectively).

4.2 Exergy density

As described in chapter 2, the energy density of an ESS, pg, is defined as the net
electric energy generated during system discharge per unit mass (kWh kg™!) or per unit
volume (kWh m~3) | indicating the required amount of working fluid or storage volume,

which is directly related to the storage cost.

The potential energy density can be obtained by evaluating the exergy density of
the fluid. The exergy of a fixed amount of mass stored at a determined state is defined as
the maximum possible work that can be obtained from the system through a reversible
process from an initial state to the dead state (a reference state, usually environmental
conditions) (100). The exergy density would then be the ratio of exergy per unit mass,
which is equal to the specific exergy, or per unit volume. The specific exergy x of a fluid

at a stationary storage tank is given by Eq. 4.1
X =U—Uy+ Pp(v—v,) — Tp(s — So), (4.1)
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where u, v and s are the specific internal energy, specific volume and specific entropy,
respectively, of the fluid at the tank and wug, vg, so, Po and T are the specific internal
energy, specific volume, specific entropy, temperature and pressure, respectively, of the
fluid at the dead state. The exergy density in terms of mass p, , and volume p, y are

given by Eqgs. 4.2 and 4.3, respectively,

Px,m

Px, Vv =

ST Py

4.3 Cost analysis

As a preliminary study on the potential of organic fluids without considering the
processes of generation and storage, this study will focus on the minimum cost of storing
the organic fluid. The material and structure of the storage tank is similar to that of
CAES and the investment cost is then the sum of the costs of the storage tank itself C';
and the cost of the fluid C'y;. As air is obtained from the environment for CAES, the only

costs are with the storage tank.

The estimation of the storage tank capital cost can be achieved with the equipment
module costing technique. This technique estimates the capital cost of an equipment
based on the cost of similar systems, including direct (equipment cost at manufacturer,
materials required for installation, labour required for installation) and indirect costs
(project expenses, contractor fees, auxiliary facilities), and adjusted through multiplying
factors to account for variations in material, operational pressure, type of equipment,
capacity, etc (15). The bare module cost of the storage tanks, Cy, is given by Eq. 4.4
to 4.6 (15)

C’st = Cﬂ,st [Bl,st + (BQ,st FM,st FP,st)]> (44)
1og(Cost) = [Ki s + Ko logV + Kz o (logV)?, (4.5)
Pba'rg D’L —I'_ OA

2 S E—12 Pygr
Fpg = barg , (4.6)

tmin

where V' is the volume in m?, Py, is the pressure gauge in bar, D; is the storage tank
internal diameter, S is the maximum allowable tension of the tank material, E is the
welded joint efficiency, C'A is the corrosion allowance and t,,;, is the minimum tank
thickness. If P,y < —0.5, F}, must be taken as 1.25 and, if the calculated F, < 1, than
F, = 1 it must be used. The internal diameter D; is calculated based on the indicated

diameter for pressures over 34.47 bar (500 psi) as a function of volume (101),

D; = {| 3V (4.7)
47
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The coefficients for egs. 4.4 to 4.6 are shown in Table 4.1, considering carbon steel

is used as construction material.

Table 4.1 — Coefficients of the bare module cost equation (15, 16).

Bl,st B2,st Kl,st K2,st K3,st FM,st
Storage tank 2.2500 1.8200 3.4974 0.4485 0.1074 1.0

Usually the cost data available is from previous years and inflation must be taken
into consideration for a proper cost estimation. The cost available from a time i, C;, can

be adjusted to a time j, C;, with their respective cost indexes, I; and I; with Eq. 4.8

I
e (1) s

There are several, periodically calculated, cost indexes that estimate the overall
inflation combining a few factors. The CEPCI (Chemical Engineering Plant Cost Index)
is one of the main cost indexes, available at monthly and yearly publications, composed
of four sub-indexes (Equipment; Construction Labor; Buildings; and Engineering & Su-
pervision) (102). The coefficients presented in 4.1 were obtained based on a survey of
equipment manufactures from May to September of 2001, with an average CEPCI of 397,
and must be updated with the use of current values of CEPCI (15).

4.4 Methodology

The first step in the analysis is the selection of the fluids to be evaluated. A set
of 27 commonly used organic fluids was obtained based on the literature (10, 39, 76,
82, 92, 103, 104, 105). Then, the safety classification, or hazard statements when the
classification was not available, was obtained and the fluids with high flammability or
toxicity were rejected, resulting in a sub-set of 12 fluids (4, 106, 107, 108, 109, 110).
Finally, the fluids were further filtered based on their environmental impact. The ODP
for all fluids was zero or close to zero, so GWP was used as the only qualification factor.
Fluids with GWP over 2,500 were excluded from this study, this limit was established in
order to favor environmentally-friendly fluids whilst maintaining a reasonable number of

fluids for the study. The main properties of these organic fluids are displayed in Table 4.2.
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Table 4.2 — Properties of the evaluated organic fluids (17).

Molar mass GWP Safety Cost

[kg kmol™!] Terit (K] Forix [kPa) - ODP (100 yr) classification [USD /kg]
R-152a 66.05  386.41 4,520 0 124 A2 2.96*
R-134a 102.03  374.21 4,059 0 1,430 Al 4.78*
R-142b 100.50  410.26 4,055  0.07 2,310 A2 3.06*
R-365mfc 148.08  460.00 3,266 0 794 N.A. 6.68*
R-141b 116.95 477.50 4,212 0.120 725 A2 4.22%

* All prices were obtained from online marketplaces. Companies: Shendong Marvel, Arkool, Synthes technologies, Career
Henan Chemical and Wenzhou Foreign Trade Industry.

The exergy density of the working fluids were evaluated in the state of saturated
liquid for P ranging from 5% over the saturation pressure at ambient temperature to
5% under the critical pressure. The results were compared to the exergy density for
compressed air with P ranging from ambient pressure up to 8,000 kPa and T equal to
330 K, based on average pressure and temperature values for CAES (111, 112, 113).
The exergy density of liquid air was evaluated for a state of ambient pressure and a
cryogenic temperature of 78 K. The values of P and T for compressed and liquid air
were determined based on the most common operational conditions for CAES and LAES
systems (5, 114, 115, 116, 117). The cost as a function of P and T was then calculated
for storage tank volumes of 2, 4, 6, 8 and 10 m3. The cost values for the pressure vessels
were updated to 2019 using yearly values of the CEPCI (15, 102).

4.5 Results

4.5.1 Exergy density

Figures 4.1a and 4.1b show the specific exergy (in kWh m=3 and kWh kg™!, re-
spectively) of the evaluated working fluids and for compressed air (dead state set at P, =
100 kPa and T, = 298.15 K).

The exergy density of the evaluated working fluids in terms of volume were all
higher than for compressed air. Among the evaluated fluids R-134a and R-152a showed
higher potential, with exergy density around 5 — 6 times higher than compressed air at
the same pressure and even more than double the exergy density than those reported for
operational CAES systems, for which air is stored at pressures ranging from 4 —8 MPa. In
terms of mass the compressed air showed higher exergy density than all of the evaluated
fluids, achieving values over three times higher than that for the R-152a, the organic fluid
with the highest exergy density in kWh kg™!. The exergy density for liquid air is 180 kWh
m~3 and 0.21 kWh kg~!, much higher than both the organic fluids and compressed air,
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Figure 4.1 — Exergy density in terms (a) of volume (kWh m™3) and (b) of mass (kWh

kg™1) as a function of pressure for the evaluated organic fluids and compressed air.

independent of the storage pressure.

4.5.2 Storage cost

The cost of the storage tank as a function of pressure and volume is shown in

Fig. 4.2.
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The cost of the storage tank is constant for lower pressures, as there is a lower
limit for the vessel thickness, before increasing linearly with pressure. In the previous
subsection it was seen that the organic fluids had exergy density ranging from 8 to 16
kWh m~3, up to pressures around 4,200 kPa, while air, at CAES operational conditions
(around 8,000 kPa), has a maximum exergy density around 6 kWh m~3, which is even
lower than the values for the organic fluids at half the pressure. The cost of the tank for
compressed air is then almost double the cost of the tank for organic fluids (considering

they are operating close to their critical pressure) with around half of the exergy.

The cost of the storage system for the organic fluids is the sum of the storage tank
and of the fluid itself. Equations 4.3 to 4.8, combined with cost of each fluid, were then
used to estimate the total cost of the storage system (tank + fluid) for organic fluids, and

the results are shown in Figs. 4.3a to 4.3e.

x10° x10°

2.0

no
o

—2m
—4m
=" 6m
8 m
10m®

% ]

SR R

0 1000 2000 3000 4000 0 1,000 2,000 3,000 4,000
P [kPa] P [kPa]

(a) R-152a (b) R-134a

&n
[
3

_
o
w W W W]

o
w»
T

Cost of storage system [$]
& 5

Cost of storage system [$]
o

o
o




Chapter 4. Organic fluid potential as an energy storage medium 47

5 5
2040 : : : , 5.0 210
—o2omd —omd
= —4m® & — 4m°
E15( " 6m> £15] ——gmd |
% g m? Z gm’
f 10m® 7 10 m3
[0)
g1.0 .0t
s - S NS
5 M o
© 5 \//
805 / B05¢
g — e
0.0 . : L . 0.0 . . . |
0 1,000 2000 3,000 4,000 0 1,000 2,000 3,000 4,000
P [kPa] P [kPa]
(c) R-142b (d) R-365mfc
20 x10°
—0 m3
— 4 m3
15 F|—o— 6 m3
g8 m?3
10m®

e

S S ———

Cost of storage system [$]
& 5

°
o

0 1,000 2,000 3,000 4,000
P [kPa]
(e) R-141b

Figure 4.3 — Storage system (tank + fluid) cost as a function of pressure and volume (m?)
for the evaluated organic fluids.

The increase in cost due to the organic fluids represents only a small fraction of
the overall cost of the storage system, remaining cheaper than the storage for compressed
air at common CAES operational conditions. All fluids presented a similar behavior, in
the region of low pressure, as the thickness was constant, the increase in pressure resulted
in a reduction of the total fluid mass stored and, consequently, lower cost. Since higher
pressures demanded higher tank thickness, there was an almost linear increase in the
storage system cost. The difference in cost was more significant for higher volumes, with
the cheapest energy storage system for R-142b and R-152a. The cost difference between
storage systems with organic fluids and compressed air would be even wider for a complete
energy storage system, as other component costs can be greatly influenced by operational

pressure, such as heat exchangers.

The previous results discuss only the cost as a function of pressure and volume.

Figs. 4.4a to 4.4e show the cost per unit of stored energy for the organic fluids and Fig. 4.4f
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for compressed air.
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Figure 4.4 — Cost per unit energy as a function of pressure and volume (m?) for the
evaluated organic fluids and compressed air.

Despite the higher cost for the same volume, the cost per unit energy was lower
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than compressed air for all of the evaluated organic fluids, mostly because of the higher
exergy density of the organic fluids relative to compressed air. The cost per unit energy
is the result of a combination of exergy density, fluid cost and specific volume. The fluids
with the lowest cost per kWh of stored exergy over a wider range of storage pressures
were R-152a, R-134a and R-142b, as a result of the combination of higher exergy density
with low fluid cost. The cost per unit energy for these organic fluids at maximum pressure
was only around 2,000 $ kWh=! and 1,200 $ kWh~! for storage volumes of 2 and 10 m?3,
respectively, while the cost for compressed air were 5,045 and 2,769 $ kWh~! for the same

storage volumes.

4.6 Conclusions

The objective of this chapter was to evaluate the potential application of organic
fluids as energy storage mediums in technical and economic terms. Before analyzing any
working fluid, a set of five working fluids was selected establishing as selection criteria
their commercial maturity, safety hazards, and environmental impact. First, the technical
potential of these fluids was evaluated in the form of their exergy density, i.e. the maximum
work that can be obtained per unit mass and per unit volume of organic fluid. The exergy
density of these fluids was calculated for storage at pressures ranging from 5% above their
saturation pressure at ambient temperature to 5% under their critical pressure at the state
of saturated liquid. The results were compared to the exergy density of air with storage
pressures ranging from ambient pressure up to 8,000 kPa and to the exergy of liquid air
at 78 K and ambient pressure (common storage conditions for CAES and LAES plants,
respectively). The evaluated organic fluids showed exergy densities over five times the
exergy density of compressed air for the same pressures, reaching even higher values when
comparing to the exergy density of compressed air at 8,000 kPa. Their exergy density was

still much lower than the exergy density of liquid air at 180 kWh m™3.

The economic aspect of the organic fluid was first evaluated in terms of the capital
cost of the storage system (cost of the storage tank and working fluid). The storage tank
material is the same for both air and the organic fluids and its cost is a function of the
tank volume and pressure. The cost of the storage system for organic fluids also includes
the cost of the fluid. The cost was then calculated for the same range of operational
parameters for the organic fluids and compressed air for storage volumes of 2, 4, 6, 8 and
10 m®. The storage system cost was slightly higher than that of compressed air for the
same pressures and around 33% lower when compared to CAES operational conditions,
i.e. 8,000 kPa. The difference when considering the cost per unit exergy was even higher
because of the higher exergy density, and, therefore, higher energy capacity, of the organic
fluid tanks. The fluids R-152a, R-134a and R-142b had the lower cost per unit exergy,

mostly due to their higher exergy density coupled with a lower fluid cost relative to the
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other organic fluids. The organic fluids showed the potential to store more energy at a
higher density (up to 15 kWh m™2 compared to 6 kWh m™2 of compressed air) and at a

lower cost when compared to compressed air.



o1

5 Evaluation of an energy storage system

based on the Organic Rankine Cycle

5.1 Introduction

In this chapter a new type of energy storage system based on the Organic Rankine
Cycle, therefore called ORES (Organic Rankine Energy Storage), with the storage of
energy in the form of pressurized organic fluid, is proposed. The operation of the storage
system with organic fluids allows for the storage of working fluid in the liquid state without
a cryogenic liquefaction plant, therefore providing a high density energy storage system

with lower installation costs.

5.2 System description

The ORES system operates as a closed system and needs two storage tanks, a
High Pressure Tank (HPT) and a Low Pressure Tank (LPT), both of which store the
working fluid in a saturate liquid-vapor mixture state. The operation of the system can

be divided in two stages, energy storage and energy discharge.

5.2.1 Energy discharge

The energy discharge phase is illustrated in Fig. 5.1, where active lines of the cycle

are represented in black, and inactive in grey.

High
Pressure

(_Evaporator

Low

Pressure

Tank

(LPT)
T

.

Figure 5.1 — Energy discharge phase (black - active line, grey - inactive line).

During discharging, saturated liquid flows out of the HPT, and goes into the
evaporator before entering the expander. After passing through the expander, it is cooled

to saturated liquid in the condenser. The heat per unit mass received in the evaporator
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(Ew, the specific work at the expander w;, and the specific heat at the condenser go may
be estimated from energy balances at the control volumes of each respective component,

resulting in Eqgs. 5.1, 5.2 and 5.3, respectively

qpy = ha — ha, (5.1)
Wy = h/2 — hg, (52)
qc = hg — h4, (53)

where hy, ho, hs and hy are the specific enthalpies (kJ kg™!) at the evaporator inlet,
expander inlet, expander outlet and condenser outlet, respectively. Specific enthalpy hs is
estimated from Eq. 5.4

hs = hy —m; (hy — hss), (5.4)

where hg s is the specific enthalpy for an isentropic expansion and 7, is the expander

isentropic efficiency.

The mass flow rate during discharge, mp, can be obtained as a function of the
required power in the expander W;, Eq. 5.5
W

Wy

mp (5.5)

During the discharging stage, thermodynamic state of the HPT and LPT varies,
which leads to a perturbation in the high (HPT and evaporator) and low pressure lines
(condenser and LPT). Applying mass and energy balances for a control volume at the
HPT results in Egs. 5.6 and 5.7. Similar equations can be written for the LPT, Eqgs. 5.8
and 5.9

d
marr) i, (5.6)
ddZE”::—mDhumn (5.7)
d (mipr) <”;§PT) — 1, (5.8)
d(U, .
( stPT) = 1mp ha, (5.9)

where hy gpr and hy are the enthalpy for the saturated liquid leaving the HP'T and entering
the LPT, respectively, mypr and Ugpr are the total mass and internal energy in the high
pressure tank, mypr and Uppr are the total mass and internal energy in the low pressure
tank.

5.2.2 Energy storage

The charging process is illustrated in Fig. 5.2, with active lines in black and inactive

in grey.
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Figure 5.2 — Energy storage phase (black - active line, grey - inactive line).

Assuming the thermodynamic states of HPT and LPT at the beginning of the
energy storage as known and considering that fluid leaves the storage tank as saturated
liquid, specific enthalpy at state 6, hg, can be found in terms of the state of the fluid
at the pump inlet, s, the pump isentropic efficiency 7,, and the enthalpy for isentropic

compression hg s, Eq. 5.10
hﬁ,s - h5

Tp

he = hs + (5.10)

The specific work required by the pump w, is obtained with an energy balance at

the control volume of the pump, Eq. 5.11
Wy = h6 — h5. (511)

The mass flow rate during charging, ¢y, can be obtained as a function of the

power provided to the pump Wp, Eq. 5.12

(5.12)

mep =

W,
p

After being pumped, the working fluid is heated before returning to the HPT. The
heat per unit mass added during this process ¢y can be obtained with an energy balance

at the control volume of the heater, resulting in Eq. 5.13

dg = h7 — h@. (513)

The thermodynamic states also vary during the charging process. The energy and

mass balances on the control volumes of both storage tanks result in Eqgs. 5.14 to 5.17

Amar) _ g, (5.14)
d(UCZPT) — thep b, (5.15)
d (WZPT) ——— (5.16)
d(Usrr) = —1hcn hier, (5.17)

dt



Chapter 5. Ewvaluation of an energy storage system based on the Organic Rankine Cycle 54

where h; and h;ppr are the enthalpy at the inlet of the HPT and the enthalpy of the
saturated liquid leaving the LPT, respectively.

The heat required in the evaporator and in the heater is provided by two heat
pumps, HP, and HP,, respectively. The work consumed in the heat pump, Wyp, and
the heat removed from the low temperature reservoir (ambient temperature), Qp gp, can
be obtained from the definition of coefficient of performance and from an energy balance

applied to each heat pump, Egs. 5.18 to 5.21

Whp1 = Qp,/COPypy, (5.18)
Qrup1 = Qro — Wop1, (5.19)
Whpy = Qu/COPyp, (5.20)
Qrur2 = Qu — Whp2, (5.21)

The round-trip efficiency of an energy storage system can be defined as the ratio
of produced electric energy during discharging and the electric energy consumed during
system charging (4, 5). For the ORES system it can be calculated with Eq. 5.22

M/t - WHPl

= 5.22
Wy + Whpa (522)

NrRT

The energy density is here defined as the ratio of generated electric energy over
storage volume (or mass) (4, 5, 62). The energy density of ORES, in terms of volume,

PE,, and mass, pg,,, are calculated with Eq. 5.23 and Eq. 5.24, respectively

Wi
= 5.23
PBy Vupr + Vipr ( )
4%
pE, = i (5.24)

mpygpr + MLpr

5.3 Cost analysis

As a preliminary analysis it is desirable to evaluate the economic prospect of the
system. To achieve this the CAPEX (Capital Expenditure) is estimated as the sum of their
main components, namely turbine, pressure vessels, pump, working fluid and auxiliary
equipment, Eq. 5.25. The remaining components usually represent a smaller contribution
to system cost for similar systems (ORC and PTES) (118).

CAPEX =Cp+ Cy + Cy + Coue + C). (5.25)

Pump, turbine and storage tank costs are estimated with the bare module method

(15). Pump cost is estimated as a function of power, pressure and material, Eqgs. 5.26
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to 5.28
Op = CO,p [Bl,p + (BZP FM,p FP,p)]v (5'26>
log Co, = K1, + Ky, logW, + K3, (logW,)?, (5.27)
IOg Fp7p = CLp + 0271, IOg Pp + C3,p (log PP)Q, (528)

where F); and Fp are the material and pressure factors, respectively.

According to the bare module method the cost of the turbine can be obtained as

a function of power, type of turbine and material, Eqs. 5.29 and 5.30 (15),

Cr = Cot Py, (5.29)
log Cos = K1y + Ky logW, + Ks,; (log W) (5.30)

Finally, the cost for pressure vessels can be estimated with Eqgs. 5.31 to 5.33 (15)

Cst = C’O,st [Bl,st + (B2,st FM,st FP,st)]a (531>
log Co.st = [K16t + Kot logV + Kz o (logV)?, (5.32)

Pbarg D;
2 S E—1.2 Pyarg +CA

Fpg = : (5.33)

tmin

where V is the volume of the pressure vessel in m?, Py, is the pressure gauge in bar, D; is
the storage tank internal diameter, S is the maximum allowable tension, E is the welded
joint efficiency, C'A is the corrosion allowance and t,,;, is the minimum tank thickness.
The coefficients for Eqgs. 5.26 to 5.33 are shown in Table 5.1.

Table 5.1 — Coefficients of the bare module cost equation used to estimate pump, turbine
and storage tank costs (15, 16, 18, 19).

B, B K Ko K Gy Cy Cs Fu
Pump 1.89 1.35 3.3892 0.0536 0.1538 -0.3935 0.3957 -0.00226 1.6
Turbine - - 27051 1.4398 -0.1776 - - - 6.2
Storage tank 2.25 1.82 3.4974 0.4485 0.1074 - - - 1.0

The cost values obtained from the literature were updated to 2019 using yearly
values of the CEPCI (15, 119) using Eq. 5.34

C; = C; (?) (5.34)

where the cost at year ¢, C;, is updated to year j, C;.
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5.4 Methodology

The analysis was applied for the same fluids evaluated in chapter 4. This evaluation
was divided in two parts in order to evaluate the performance of the proposed ORES
system. In the first part, a quasi-steady state approach was applied to evaluate the system.
Despite the transient nature of energy storage systems, it is a common practice to assume
a quasi-steady state operation to allow for simpler algorithms and faster simulations (113).
Under quasi-steady state operation there are two key parameters, namely pressure in the
high pressure tank, Pypr, and superheating degree at the turbine inlet ATsy. In order
to evaluate the effect of these parameters on system performance, ngr was evaluated for
ATsy ranging from 0 up to 40 K, in steps of 5 K, and Pypr ranging from 5% over the

saturation pressure at ambient temperature up to 5% under the critical pressure.

In the second part, a transient analysis was applied to the system. The total volume
at each tank are key parameters that affects both energy density and round-trip efficiency
of the system. A Minimum Design Volume (which was designated here as "MDV") was
defined for the LPT and HPT to standardize the analysis. The MDV for the HPT for a
system with a discharge process with duration Atp was defined as the volume required
such that the quality at the HPT would vary from 0.02 up to 0.98 and considering that the

9 would remain constant over the entire discharging process.

mass flow rate at ¢t = 0, m'5
The MDYV for the LPT is similar but with a quality of 0.98 at the start and 0.02 at the

end of the discharging process, as defined by Eqs. 5.35 and 5.36, respectively

mi5OAt
MDViypr = —— 22—, (5.35)
PHPT — PHPT
mi5OAL
MDVipr = —=2—2 (5.36)

pLP — PLPT
where pir 3, and ply ¢ are the specific mass of the HPT at the start and end of the process,
respectively, and pi50 and p% s the same for the LPT. The volumes of the HPT and
LPT can then be set based on multiplication factors, Kgpr and K pr respectively, i.e.

Viapr = Kgpr MDVypr and Vipr = Kppr MDVipr.

Initially, a transient analysis is performed for a single case, R-141b, with a starting
pressure of Pgpr = 3,200 kPa and volume multiplication factors Kgpr = 1 and Kppr =
1, to illustrate the transient conditions in the tanks and over the system. Then, the effect
of the storage volume on ngr, pg, and on the CAPEX was evaluated for Kypr and
Kppr varying from 1.0 to 4.0, in steps of 0.125. In the transient analysis, the ORES
system was evaluated considering operation of a medium-scale system (Wt =1 MW for
1h of operation). The Euler method was used for the solution of the set of differential
equations in the transient analysis. Fig. 5.3 shows the flowchart of the algorithm used for

the transient analysis.
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Figure 5.3 — Transient simulation algorithm flowchart.

Over the discharging/charging process there was a possibility of discontinuities
in the equations of state, whenever this occurred the algorithm would assume a linear
variation in the state at the tank, if this discontinuity would persist for over three points
the simulation would be considered failed. The models of the system were implemented
in MATLAB with the CoolProp external library for the thermodynamic properties (17).
The assumptions and system parameters considered for these analysis are summarized on
Table 5.2.
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Table 5.2 — Assumptions and pre-defined parameters.

Ambient temperature, Tymp 25 °C
Ambient pressure, Pymp 101.3 kPa
Energy generation process duration, At,, 1h
Turbine power, W, 1,000 kW
Pump power, Wp 200 kW
Turbine isentropic efficiency, 7; 0.80 (34, 92)
Pump isentropic efficiency, n, 0.75 (34, 92)

Isobaric heating and cooling
Negligible pressure loss

55 Results

5.5.1 Quasi-steady state analysis

The first part of the quasi-steady state analysis consisted in the evaluation of the
round-trip efficiency as a function of Pypr and ATsy for each of the evaluated fluids.
The results for the evaluated working fluids, in descending order of exergy density, are

displayed in Figures 5.4a to 5.4e.
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Figure 5.4 — Round-trip efficiency as a function of pressure at the high pressure tank,
Py pr, and superheating degree, ATy, for the evaluated organic fluids.

For all fluids a combination of high storage pressure and low superheating degree
resulted in the highest values of round-trip efficiency. The maximum round-trip efficiency
of the evaluated fluids ranged from 71%, for R-152a, up to 74%, for R-141b. For most fluids
nrr decreased linearly with the increase of the superheating degree, except for R-152a,
that showed increased gradients for higher superheating degrees. In general, an increment
of 5 K in the superheating degree resulted in an absolute 3-5% reduction in the round-
trip efficiency, except for R-141b, which showed a reduction of 2% for each increment.
Regarding pressure, an average reduction of 10% in ngry for each reduction of 500 kPa in
Py pr was observed for the higher values of efficiency for R-152a, R-134a and R-142b. On
the other hand, R-365mfc and R-141b were much less affected by the variation in pressure,
which translates into a wider range of pressures with a positive round-trip efficiency. This
suggests that, over the discharging and charging phase of the energy storage system, as
pressure in both tanks change due to the transient states inherent to both processes, the
performance of the system is more stable while also allowing for a higher discharge of the
storage tank, that can now discharge to lower pressures. Figure 5.5 displays the results

for all fluids in a single graph.
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Figure 5.5 — Comparison of round-trip efficiency as a function of Pypr and ATsy for the
evaluated organic fluids.

Figure 5.5 shows more clearly the difference in performance among working fluids.
All fluids achieve efficiencies over 70%. R-365mfc and R-141b showed clear dominance
over the remaining working fluids over the range of evaluated pressures with R-365mfc
having higher ngr over the range of Pypr from 500 kPa up to 3,100 kPa and R-141b
from 3,250 up to 4,000 kPa. It should be noted that R-141b also maintains a round-trip
efficiency over 50% for a wide range of pressure values, from 1.9 MPa up to 4.0 MPa,

suggesting good transient performance.

5.5.2 Transient analysis

The results of the quasi-steady state analysis provide reasonable reference values in
terms of efficiency, but a transient analysis is required to understand how the parameters of
the system change over a full cycle, allowing the calculation of the energy density. First,
a transient simulation for an ORES system operating with R-141b and Pypr of 3,200
kPa was carried out. The variation of the properties over the charging and discharging

processes is displayed in Fig. 5.6.
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processes for a transient simulation of an ORES system.

2.0

This particular case resulted in a round-trip efficiency of 62%, compared to 65%

for the quasi-steady state analysis, and an energy density of 1.15 kWh m~3. Pressure at

the HPT is the variable with the highest variation over the process, dropping from 3,200

kPa at the start of the discharging process down to 2,400 kPa, whilst the temperature
drops from 460 K down to 440 K.

To better understand the role of the storage vessels, the transient analysis was

expanded to all of the evaluated working fluids varying the volume multiplication factor

for both the high and low pressure tanks, Kgpr and Kjpr. The round-trip efficiency,

energy density and CAPEX for Kypr and K pr ranging from 1.0 up to 4.0 were then

calculated and the results are displayed in Figs 5.7 and 5.8.
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Figure 5.7 — Round-trip efficiency, nzr, and energy density, pr in kWh m~3, as a function
of high and low pressure tank volume multiplication factors, Ky pr and K pr, respectively.

The obtained round-trip efficiencies are comparable to those reported for CAES
and LAES (25-75 %) (63, 120, 121). Relative to the influence of volume on performance
parameters it can be seen that the volume of the LPT showed smaller effect on ngr,
in special for systems with Kypr < 2 and for the working fluids that showed higher
round-trip efficiency. As a higher volume was used, the overall variation in the operation
parameters is reduced, which results in the operation at higher round-trip efficiency con-
ditions while reducing the energy density. Both volumes contributed similarly to energy
density, except for R-141b, for which the LPT had approximately doubled the impact on
the energy density.
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Figure 5.8 — Round-trip efficiency, ngr, and CAPEX (USD per kWh) as a function of high
and low pressure tank volume multiplication factors, Kgpr and Ky pr, respectively.

The CAPEX of all fluids, except R-141b, was greatly influenced by the volume
of the HPT, indicating the predominance of the cost of the high pressure vessel over the
overall cost of the system, with R-134a and R-365mfc presenting the highest CAPEX.

For a better comparison, results obtained previously for all fluids are summarized in

Fig. 5.9. The maximum (black markers) and minimum (gray markers) values of nzr and
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CAPEX are pointed, therefore defining the region that contains all points calculated for

the respective fluid.
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Figure 5.9 — Comparison of range of values of ngr and CAPEX (maximum in black and
minimum in grey) for each of the evaluated working fluids.

The difference between maximum and minimum 7nrr was relatively small, under
5%, for the working fluids with higher efficiency (R-365mfc and R-141b) and around
double this value for the remaining fluids. R-365mfc had higher round-trip efficiencies
(ranging from 69 to 73%) for all the studied parameters with a wide variation of CAPEX,
while R-141b had the second highest efficiency (61 to 64%), but concentrated on lower
CAPEX. As the order of magnitude of turbine, pump and auxiliary components costs
are similar compared to CAES, ORES can be even cheaper than above ground CAES,
depending on the costs of the Thermal Energy Storage.

5.6 Conclusions

This chapter evaluated the potential application of the ORES system, based on a
thermodynamic and cost analysis, as an alternative to CAES and LAES. The system was
studied considering operation with five organic fluids, pre-selected on chapter 4. Initially,
the effects of pressure and superheating degree on round-trip efficiency based on a quasi-
steady state model was studied. Then, the system was evaluated based on a transient

analysis.

The round-trip efficiency for the quasi-steady state analysis reached over 70% for
all fluids, with R-141b having the highest efficiency, 74%, comparable to analytical results
for CAES and LAES with similar considerations. An increase in the superheating degree
resulted in a reduction of 3-5% in round-trip efficiency for an increment of 5 K for most
fluids. Pressure had a contrary effect, an increase in pressure promoted an increment in

efficiency, with a reasonable range of pressure values for which round-trip efficiency was
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higher than 50%. The efficiency was over 50% for a reasonable range of pressures for all
fluids, with difference between pressure at maximum efficiency and at efficiency equal to
50% ranging from 1,000 kPa for R-134a up to 2,000 kPa for R-141b. The importance
of this range is that it indicates the stability in system efficiency as the pressure varies
during a transient process. R-141b showed smaller sensitivity regarding both, superheating
degree and pressure, relative to the other organic fluids indicating it may present higher

efficiencies in off-design conditions.

The system was then studied considering transient conditions in terms of round-
trip efficiency, energy density and CAPEX. First, the transient analysis model was used
to study the variation of the properties of the system over an operation cycle for R-
141b. A round-trip efficiency of 62% was obtained, compared to 65% for the same case
analyzed under quasi-steady state conditions. Pressure dropped from 3,200 kPa down to
2,400 kPa whilst temperature dropped from 460 K down to 440 K. Then, the operation
of the ORES system was evaluated for all five organic fluids for Ky pr and K pr ranging
from 1.0 to 4.0. The higher the volume of the tanks the lower the energy density while
round-trip efficiency is higher because there is a smaller variation in system parameters.
Energy density ranged from 0.5 up to 2.2 kWh m~3, even lower than CAES. The current
topology for the ORES system resulted in competitive cost and efficiency but did not

achieve the potential energy density expected from the previous chapter.
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6 Conclusions and proposals of future re-

search

6.1 Conclusions

This work evaluated the use of organic fluids as an energy storage medium with
focus on the application to long-term energy storage. First, the potential of organic fluids
for energy storage was evaluated in Chapter 4 in terms of the maximum energy density
possible, in the form of the exergy density, and the CAPEX of the storage tank. The
analysis was applied to five organic fluids (R-152a, R-134a, R-142b, R-365mfc and R-141b)
that were selected based on commercial maturity, safety classification and environmental
impact, namely ODP and GWP.

The exergy density and CAPEX of the storage tank were evaluated for storage
pressures ranging from 5% over the saturation pressure at ambient temperature up to 5%
lower than the critical pressure and compared to compressed air, with storage pressure
from ambient pressure up to 8,000 kPa, and liquid air at ambient pressure and temper-
ature of 78 K. The exergy density, in terms of volume, for all fluids was higher than
those calculated for compressed air, even for compressed at double the storage pressure
(achieving 8 up 15 kWh m™3, depending on the fluid while compressed air maximum ex-
ergy density reaches 6 kWh m™3), but still reasonably smaller than the exergy density for
liquid air, with 180 kWh m™—3.

Then, the CAPEX of the storage system (storage tank and fluid) was evaluated for
the organic fluids and for compressed air. The cost of the tank itself is lower for organic
fluids, as their operational pressure is much lower than that for compressed air, but the
working fluid must also be included, which, for the case of CAES, is free. The cost of
the storage system, for the same storage volume, was of the same order of magnitude
as compressed air for R-134a, R-142b, R-365mfc and R-141b. However, because of the
higher exergy density of the organic fluids, they have a higher energy storage capacity
and, consequently, their cost per unit of stored energy is lower than that of compressed
air. The minimum cost per unit energy for the remaining working fluids were 1,526 $
kWh™! for R-141b, 2,090 $ kWh~! for R-134a, 2,162 $ kWh™! for R-142b and 2,388 $
kWh~! for R-365mfc while the minimum cost for compressed air was of 2,769 $ kWh~!,
i.e. from 16% to 80% higher than for the organic fluids.

The results from Chapter 4 indicate that the organic fluids as an energy storage
medium can store energy with a higher energy density than compressed air and at a lower

cost per unit energy. This is mainly related to the reduction in cost due to the operation
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at lower pressures would also affect the cost of the other equipments of energy system,

such as heat exchangers, piping and pump.

In Chapter 5 an energy storage system based on the Organic Rankine Cycle was
proposed and was evaluated in terms of round-trip efficiency, energy density and CAPEX
and the influence of pressure, superheating degree, high and low pressure storage volume
in these performance indexes. The analysis was divided in two parts, in the first the system
was evaluated based on a quasi-steady state analysis while in the second the system was
evaluated based on a transient analysis. During both quasi-steady state and transient
analysis the system achieved efficiencies competitive to CAES and LAES systems, with
the maximum round-trip efficiency for the system with R-365mfc, 73%, but with low
energy density, even lower than for CAES systems. The present results indicate that the
ORES system has the potential to be an alternative to CAES and LAES as a medium-
scale, long-duration energy storage system but some work must be invested in further

improving its energy density.

6.2 Proposals of future research

The theoretical potential of the ORES system observed in this study indicates
that the sizing and construction of a prototype system is the most indicated next step
in this research. As this is only the first study on energy storage with organic fluids as
the storage medium it is believed that there is a high potential of improvement for the
system. Considering the properties discussed in Chapter 3, the following research topics

are suggested:

e Experimental validation of the results of this study;

e Expansion of the study to other organic fluids;

e Evaluation of organic fluid mixtures, varying mixture components and composition;
e Evaluation of supercritical cycles;

e Incorporation of thermal energy storage to improve cycle efficiency;

e Implementation of operational maps for evaluation of off-design operation conditions

and technology constraints; and

e Proposal and evaluation of new topologies for energy storage, such as the use of

recuperators and multi-stage expansion.
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