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ABSTRACT

ABSTRACT

A confluence of industry, social and economic drivers, are creating new interest in
electric storage systems for grid, transportation and more general for industrial
applications. Energy storage has become a key issue for achieving goals connected with
increasing the efficiency of both producers and the users; the presence of a storage system
makes it possible, over a time period ranging from seconds up to hours, to store the excess
of energy and to reuse it when really needed. In this way it is possible, not only to recover
or regenerate energy, but also to design the overall system based on the average power
requested by the application while the power requests over or below the average power is
ensured by the presence of the storage system.

This thesis describes in detail the supercapacitor devices as key storage technology
for their excellent properties in terms of specific power, expected lifetime and a wide
operative temperature range. In addition their stabilized production process makes them
very interesting in many industrial applications where the availability of a technology over
the time is very important to technically sustain new designs.

Theory, modeling and simulation are investigated in order to provide insight into
mechanisms, predict the device performances and understanding next evolution and
improvement of this technology. In particular a simple procedure to identify the
parameters of the model, that can be used to characterize a supercapacitor before use, is
presented and, an extended experimental activity to prove the model validity over a wide
range of supercapacitor devices is reported.

A comprehensive analysis to address supercapacitor system integration is also
presented based on different control strategies to ensure the correct energy flows and to
optimize the overall system operations according to the application requirements. In
addition in order to evaluate the total installed costs, performances and capabilities related
to the integration of innovative supercapacitor storage system, the sizing of the storage is
evaluated considering not only the technical design but also the economic return of the
investment. According to the application the deterministic as the probabilistic method,

based on Monte Carlo simulations, are presented, and their results are compared.
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INTRODUCTION

INTRODUCTION

The interdependence between the environmental, social, and economic aspects of
today’s society is becoming increasingly clearer and more cohesive. The key point is
related to the limited availability of the earth’s resources. This is a crucial point because
the availability of resources such as food, space, and energy must match the requirements
as the population growth in order to maintain the current standards of living and protect
the ecosystem. At present, human activities require a large amount of energy and, despite
the actual global recession that began in 2008 and continues to show evident effects, the
total worldwide energy consumption over the last decades has continued to grow. As
reported in a 2010 international energy outlook document provided by the U.S. energy
information administration office (DOE/EIA-0484-2010), projections for the next three
decades show an increase of 14% in OECD (Organisation for Economic Co-operation and
Development) countries and a significant 84% in non-OECD countries. Although energy is
needed for human activities, its use impacts the availability of energy resources in the
global ecosystem. In fact, the pollution effects related to the use of energy are not localized
to the place of utilization but affect the entire environment.

According to this, no energy resource presently exists that meets all of the economic,
social, and environmental requirements. One possible solution seems to be increasing the
use of renewable energy resources, which has attracted major attention for energy saving.
Saving energy, in fact, is the first energy resource because it is environmentally friendly,
available in all countries, unrelated to the fossil fuel energy resources, and a source of
income, not only from an economic point of view, but also from a technical and industrial
point of view. Investing in energy saving is investing in innovation, technical skills, and
environmental sustainable activities. More generally, it is investing in the next generation
because it actually takes into account the limited availability of resources.

In this general context, among the different forms of energy, electrical energy
assumes an important role in our society due to the multiple properties this form of energy
presents. In the last decades, the gross domestic products (GDPs) of more developed
countries have been characterized by trends involving electric energy consumption. It is
possible to transport electrical energy over long distances with high efficiency. It is easy to
diffuse, produces no emissions in the place of its utilization, and is easy to convert into

other forms of energy in a reversible way. Because of the above-mentioned properties,
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electric energy is increasingly being diffused, not only for all of the typical grid-connected
applications, but also in many others industrial and transportation applications that have
not traditionally used electrical energy because they have been characterized by the direct
conversion of a primary energy source, typically a fossil fuel source, into mechanical
energy. Actually, the multiple benefits arising from a hybridization based on the
conversion of the primary energy into electrical energy is enlarging the portfolio of
applications where electricity is the winning solution.

In this general framework, independently from the application, the most important
goal is the possibility of increasing the total system efficiency in such a way that the same
mission can be accomplished with lower resources. However, due to the general
considerations, the environmental and economic aspects must also be taken into account.

Nowadays, electrical storage systems play an important role in different solutions.
Although the difficulty of storing electrical energy has been an historical limitation of this
kind of energy, nowadays the emergence of new needs and new applications is introducing
new exigencies for the electrical storage system devices. In many applications, ranging
from electrical grid applications to industrial, civil, and transportation ones, in order to
improve the efficiency and ensure energy and/or economic savings, it is very important to
exploit the presence of a storage system that is capable, over a time period ranging from
seconds up to hours, of storing excess energy and reusing it when really needed. In fact,
this makes it possible, not only to recover or regenerate energy, but also to design the
overall system based on the average power requested by the application because power
requests over or below the average power is ensured by the presence of the storage system.
In this way, all solutions can be designed and optimized based on the average power with
consistent advantages in terms of weight, efficiency, and reliability.

Although there are many storage technologies today, none is able to fulfill all of the
different system requirements, especially when all of the performances in terms of specific
energy, specific power, lifetime, operative temperature range, safety, availability, and cost
are taken into account. In the last few years, consistent technological improvements and
cost reductions have characterized the evolution of many storage systems, so that more
and more attention has been given to implementing, using, and exploiting their benefits in

real applications.
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Among the different technologies, this work focuses on supercapacitor storage
devices. This choice is related to different considerations. First, despite the fact that
supercapacitors are relatively new for industrial applications (about ten years old), they are
characterized by a stabilized production process, with no significant changes in the
technology over a period of time. From a technical and economic point of view, this is very
important because it indicates the possibility of realizing new designs based on a stable
and available technology over a period of years. Second, supercapacitors, as storage
devices, show excellent properties in terms of specific power, expected lifetime (up to one
million charge/discharge cycles), and a wide operative temperature range, making them
very interesting in numerous applications. Third, unlike other storage technologies,
supercapacitors are made of abundant and recyclable materials available on the earth.

The main limitation is related to their specific energy; in fact, supercapacitors are
more closely related to a “power oriented” storage definition that to a traditional “energy
oriented” storage device. In other words, supercapacitors are the winning solution from a
technical and economic point of view, when the energy required from the storage in a
discharge or charge cycle is typically in a maximum time interval of up to one hundred
seconds. Their limited specific energy, but significant specific power and cycle lifetime,
make supercapacitor technology a suitable solution in all applications where energy
recovery at high dynamic rates, as the regenerated energy from moving parts electrically
braked, and the peak shaving function of the power delivered by the main source are
important key aspects to ensure the efficiency, availability, quality, and effective system
cost of the electrical energy supplied. From this, it is clear that supercapacitors are very
important to guarantee new innovative system functions, but only if correctly integrated,
sized, and operated in the final system. In fact, when considered for single and stand-alone
storage systems, the number of direct applications is very limited. The work carried out in
this thesis aims to correctly address the above considerations.

After a general overview of storage technology options in chapter one, the second
chapter provides a focused description of the supercapacitor technology. In particular, in
order to correctly manage and integrate supercapacitor devices, chapter three introduces a
new supercapacitor equivalent electrical model. Modeling is very important, especially
when the device is used in a wide range of applications that influence the typical device

performances. Supercapacitors are not an exception, in fact their behaviors in terms of
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dynamic response during cycling, efficiency, and self discharge change significantly
according to the dynamic of use. The peculiarity of this model is its ability to correctly
represent the complete dynamic of the device when operated with a cycle frequency
ranging from DC up to 1 kHz. In addition, it is also very important to use model
parameters that have clear physical meanings and can be simply determined in order to
ensure the model usability. For this, chapter three presents a new and very simplified
parameter identification procedure: the peculiarity is that the model order can be a priori
chosen according to the accuracy and dynamic that you want to represent.

In order to verify the introduced model, in chapter four, an extensive experimental
analysis of supercapacitor storage devices at the cell and module levels is presented. In
particular, the analysis aims not only to verify the model validity, but also to point out real
supercapacitor performances according to the dynamic of use, especially evaluating the
specific energy as a function of the specific power and device efficiency.

The equivalent model that is realized represents a valid and indispensable tool to
address supercapacitor system integration. Due to the limited specific energy,
supercapacitors, when integrated at the system level, need to be correctly managed
according to the application requirements in order to ensure the correct energy flows and
optimize the system operations. Thus, in chapter five, two control strategies for
supercapacitor storage devices are presented: the first aims to reduce the voltage
fluctuations on a distribution bus where multiple loads and storage systems are connected,
while the second aims to reduce the overall system losses. In particular, these control
strategies are supported by extensive experimental activity on a real industrial application,
and the benefits arising from the system integration of the innovative supercapacitor
devices coupled with a traditional storage technology (a lead acid battery) are presented
and discussed.

Finally, due to the importance of a correct design for the integrated system, not only
from a technical point of view but also under the economic profile, chapter six addresses
the sizing of the supercapacitor storage, considering the economic impact of the solution.
Considering the current component costs, the return of the investment arising from
economic energy saving is evaluated. In particular, two sizing criteria are analyzed. The
first one is a deterministic criterion that is useful when the application consists of a well

known power profile absorbed by the equivalent load, while the second one addresses the
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sizing of a centralized storage system using a probabilistic approach when multiple loads
are connected to the same distribution bus. In this case, in fact, the equivalent load power
profile and, consequently, the energy storage size needed to fulfill the required load
functions, cannot be evaluated by means of a deterministic method. The mathematical
approach and some experimental results based on Monte Carlo simulations are presented,

and their results are compared with the deterministic method.



1. STORAGE TECHNOLOGY OPTIONS

1. STORAGE TECHNOLOGY OPTIONS

A confluence of industrial, social, environmental, and economic drivers is creating
new interest in electric energy storage systems. The limitation in the availability of energy
resources, the continuing increase in fossil fuels cost, and the greater attention being given
to the earth’s ecosystem, are making storage systems a suitable solution in many
applications ranging from grid applications to industrial and transportation ones.

Electrical storage systems have generated great interest because of importance that
electrical energy has in our society. In fact, electrical energy is characterized by:

easy portability according to the transmission and distribution infrastructure;
disjunction between production sites and user sites;

no gas emissions at the user sites;

high efficiency of production, transmission, and conversion;

easy reversibility in converting this form of energy into mechanical and vice versa.

As shown in Figure 11, [1], the growth of the forecasted global net electricity
generation is approximately +80% in the reference period 2007-2035.

History Projections

Net
electricity
generation

Total

energy
1 - ,—-/ consumption
0
1990 2000 2007 2015 2025 2035
Figure 1.1 Growth in world electric power generation and total energy consumption, 1990-2035

(index, 1990 =1) [1].

These growth projections are also related to the potential impact that electric urban
mobility will have in the near future in order to ensure green, low-impact, and sustainable

transportation solutions.
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1.1. IMPORTANCE OF ENERGY STORAGE SYSTEMS (ESS)
IN TODAY’S SOCIETY

In the last decade, due to great changes in the global industrial and economic assets
and new energy needs, also related to environmental impacts, our electrical systems have
been prepared to meet new requirements; in particular, what is changing is the concept of
integration and the vision of the electric system as a whole. The traditional distinctions
between the production, transmission, and distribution of electrical energy are changing,
and there is a continuing reduction of the boundaries between them. The main changes
aim to increase electric mobility and spread generation, of renewable energy sources in
particular. Thus, the electrical layouts of our plants are being reconsidered. The new issues
are related to:

the power flow direction, which is not necessarily a top down distribution;

the presence of active loads at the distribution level;

the intermittence of renewable energy sources;

the possible huge presence of electric loads related to the plug and play vehicles
market.

All of these changes are reflected in the availability, reliability, power quality, and
safety of electrical energy over time. The technological solutions actually under
consideration to meet these new requirements see the presence of:

DC and/or smart distribution grids;

power electronic converters;

Information Communication Technologies (ICT) to monitor and control the power
systems;

Energy Storage Systems (ESS).

The introduction of ESS represents one of the most prominent technical solutions to
meet the new electrical system requirements. The availability of ESS is an historical need
in electric system in order to separate the generation profile from the demand profile over
time. Due to the lack of consistent ESS technology, with the exception of pumped hydro-
storage system, commonly the generation profile has to follow the demand profile in each
instant to guarantee the electric system quality and stability. With actual changes related

to renewable energy production, the high capital cost of managing grid peak demands and
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large investments in grid infrastructure for reliability [2] from one side, and the actual
potential electric vehicles industry market from the other side, new interests in energy
storage systems are emerging. In these new applications, in fact, the requirements for the
Energy Storage System are widely varying according to the application. As shown in Table
1.1 [3], where a list of potential benefits arising from the adoption of ESS in today’s power
grid is reported, the technical requirements in terms of energy and installed capacity differ

widely according to the application.

Table 1.1. Summary of potential benefits and technical requirements for ESS in Power Grid [3]
Discharge Duration Capacity
# Benefit Type Low High Low High

1 Electric Energy Time-shit 2 hour 8 hour 1 MW 500 MW
2 Electric Supply Capacity 4 hour 6 hour 1MW 500 MW
3  Load Following 2 hour 4 hour 1MW 500 MW
4  Area Regulation 15 min 30 min 1 MW 40 MW
5  Electric Supply Reserve Capacity 1 hour 2 hour 1MW 500 MW
6  Voltage Support 15 min 1 hour 1MW 10 MW
7 Transmission Support 2 sec 5 sec 10 MW 100 MW
8 Transmission Congestion Relief 3 hour 6 hour 1MW 100 MW
9  T&D Upgrade Deferral 3 hour 6 hour 250 kW 5 MW
10  Substation On-site Power 8 hour 16 hour 1.5 kW 5 kW
1n  Time-of-use Energy Cost Management 4 hour 6 hour 1 kW 1MW
12 Demand Charge Management 5 hour 11 hour 50 kW 10 MW
13 Electric Service Reliability 5 min 1 hour 0.2 kW 10 MW
14  Electric Service Power Quality 10 sec 1 min 0.2 kW 10 MW
15 Renewable Energy Time-shift 3 hour 5 hour 1 kW 500 MW
16  Renewable Capacity Firming 2 hour 4 hour 1 kW 500 MW
17 Wind Generation Grid Integration 10 sec 6 hour 0.2 kW 500 MW

Similarly, the same is true for the electric vehicle industry, where the ESS
requirements vary according to the vehicle mission. The main categories of electric
vehicles can be summarized as:

Pure electric vehicle
Hybrid electric vehicle
Plug-in electric vehicle

The distinctions among the three categories are related to the amount of storable
electrical energy in the vehicle. In pure electric vehicles, the storage is the unique reserve
of energy capable of fulfilling all of the vehicle functionalities. In hybrid vehicles,
according to the level of hybridization (Micro, Mild, Strong), an electric storage system,
which can fulfill an electric mission up to a maximum of 1 km, is coupled to a traditional

fuel storage with its internal combustion engine (ICE). Finally, plug-in vehicles, which can

12



1. STORAGE TECHNOLOGY OPTIONS

reach an electric autonomy of up to 70 km, are characterized by an electric storage system

that is rechargeable both from the electric grid and from the ICE, in addition to the

recovered energy coming from regeneration.

In Table 1.2 a summary of the technical specifications of the electrical ESS for

different kinds of electrical vehicles is reported [4].

Table 1.2. Electrical ESS Requirements for Pure Electric, Hybrid and Plug-in Vehicles [4, 5]
Pure Electric Hybrid Plug-in
P Minimum Long Term Minimum Long Term High High
arameter Goals Goal Goals Goal Power/Energy | Energy/Power
Ratio Battery Ratio Battery
Power -
Discharge 80 kW 80 kW 25 kW (108) | 40kW (10s) | 45kW (10) 38 kW (10 s)
Power -
Regeneration 40 kW 40 kW 20kW (10s) | 35 kW (10s) | 30 kW (10s) 25 kW (10 s)
,:I‘;z;lg;)le 40 kWh 40 kWh 0.3 kWh 0.5 kWh 3.4 kWh 1.6 kWh
Calendar Life 10 years 10 years 15 years 15 years 15 years 15 years
Cvele life 1000, 80% 1000, 80% 300k 300k i )
Y DOD DOD 25Wh cycle | 50Wh cycle
Operating
Environment -40 to +50 -40 to +85 -30 to +52 -30 to +52 -30 to +52 -30 to +52
Production < 6000 $ 4000 $ 500 $ 800 $ 1700 $ 3400 $
rice 25k 25k 100k 100k 100k 100k
P units/year units/year units/year units/year units/year units/year

More and more attention is being given to the industrial market for storage systems

related to the multiple opportunities that storage allows in different huge industrial
markets (electric grids and electric vehicles). Thus, in the last decade, much funding has
been allocated to the research and development of affordable, reliable, and cost effective
Energy Storage Systems. In addition, many activities are related to developing adequate
tools for system analysis, optimal sizing, placements, and control strategy algorithms for
ESS integrations [6].

In the following, a general summary of energy storage technologies will be presented,
giving a look at actual research and development funding programs related to Energy

Storage Systems.
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1.2. ENERGY STORAGE TECHNOLOGIES

In order to have a comprehensive view of storage system technology options, in
Figure 1.2 shows a Ragone plot that compares the most current and interesting types of
storage systems in terms of energy and power density. It is important to note that this
graph does not show the best storage system device, but rather the best to choose based
on the application requirements. In addition, the storage system performance also has to
be evaluated under the cycle life, expected life, efficiency, operative temperature, system

integration, and installed cost.

103

102

10—

Specific Energy (Wh/kg)

I+ Flywheels
e

1 NIRRT

10! 102 103
Specific Power (W/kg)
Figure 1.2. Ragone plot of different storage technologies.

1.2.1. COMPRESSED AIR ENERGY STORAGE (CAES)

These systems store energy as a compressed gas (normally air) in an enclosed
reservoir (typically underground) at a pressure of 70-100 bar. The compression phase, by
means of electric compressors, uses low cost electric energy (typically produced during the
night) or the excess energy produced by renewable sources. When needed, typically during
the peak power hours, the compressed air is heated and expanded in a traditional
turbine-generator to produce electricity. In a newer second-generation CAES plant, the

compressed air is directly expanded in a turbo-gas generator to avoid the compression
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phase. The time-shift between the storage phase and following discharge phase makes it

possible to realize a positive revenue. The typical system layout is reported in Figure 1.3.

Off Peak : Fuel
Electrcity In - : 1

Heat
Exha_ust

Mot to Scale

Limestone Cavern

-

Air In.-"Du;
Figure13.  Schematic layout of underground CAES

The reservoir must be impermeable. In order to reduce the total infrastructure cost,
existing geological structures such as limestone mines or salt caves are typically used
because they have this feature.

The first CAES storage system was realized in 1978 in Hundorf (Germany). It had a
rated power of 290 MW. A second one with a rated power of 10 MW was installed in 1991
in Alabama. This plant was realized in 30 months with a capital cost of $600/kW.

In 2009, DOE funded two projects (for New York State Electric & Gas and PG&E)
involving the construction of 150 MW/10 hour and 300 MW/10 hour advanced second
generation CAES units, respectively.

Research on this kind of storage is still taking place, with the current development of
“Adiabatic CAES” (A-CAES). The idea is to capture the heat generated during the
compression phase and reuse it to preheat the compressed air before expansion during the

discharge phase. An aboveground demonstration of an A-CAES system could materialize

by 2015 [3].
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1.2.2. PUMPED HYDRO

This kind of storage, historically the most famous, has a technical functionality very
similar to the previous. Storage is performed by transferring a certain amount of water
from a lower basin to an upper one. With a total system efficiency in the range of 0.76-
0.85, it is possible to exploit the price difference between high and low electrical energy
production costs in order to generate revenue. In Figure 1.4 a typical schematic layout is

reported.

Long Distance
Power Lines

Figure 1.4 Schematic layout of a pumped hydro plant.

In favorable situations, it is technically possible to obtain natural underground
reservoirs using natural basins or former mines. The open sea can be used as a
downstream reservoir. An example is the pumped 30-MW hydro plant built in 1999 in
Yanbaru, Japan. Pumping systems have been manufactured in Italy and Switzerland since
1890. Of these plants, which are essential to the operation, regulation, and management of
electricity in the transmission networks, there are currently more than 130-GW of
production capability installed all over the world, with over 40 capable of producing more
than 1 GW. The installation cost greatly depends on the morphology of the territory and
the technical requirements for the designed site. Thus, the costs can vary from 150 €/kW
(U.S.) to more than 2000 €/kW (Japan). Despite this, storage systems are necessary and

convenient, even when they are very expensive.
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1.2.3. FLYWHEEL

Flywheels are electromechanical devices that are capable of storing kinetic energy by
means of a spinning rotor. In order to exchange this energy with the electric grid, a
motor/generator machine is coupled to the flywheel, with a power converter added to
enlarge the working machine’s operating range. During the charging phase, electricity is
converted into kinetic energy and the rotor speed is increased; while in the discharge
phase, the opposite process takes place.

As shown in Figure 1.5 the electric machine and rotor are well integrated and the
bearings are often a magnetic type in order to optimize the total system efficiency and

reduce the device noise.

@ Configuration
Vertical for optimum efficiency

Magnetic Bearing '
: Fully active S-axis

Rotor
Integral with hu

s}

—® stator

Dual Mode
Motor / Generator

% Hub
“—®Housing Aerospace high

Vacuum environment performance steel
Figure 1.5. Schematic layout of flywheel storage.

In designing this type of device, two strategies can be adopted in order to increase
the specific energy [7]. The first one consists of increasing the rotor inertia by acting on the
diameter of the rotor, which is typically steel, with a rotation speed of up to 10,000 rpm.
This kind of device is typically used as a UPS, and its main limitation is due to its weight
and size. The second design approach uses a smaller diameter rotor and increases the
rotation speed up to 100,000 rpm. In this way, it is possible to realize more compact and
modular flywheels. Typical applications are in telecommunication, with a size on the order
of tenths of a kW for various quantities of minutes.

Due to the fast response of these devices, up to 4 milliseconds, along with a system
efficiency of up to 0.93 and an estimated lifetime of up to 20 years, these devices are very

suitable for power quality [8-9], regulation services [10-11], and UPS functions such as for
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energy recovery functions in transportation systems [12-13]. They can be sized with a rated
power between 100 kW and more than 1 MW for up to 1 hour.
Interestingly, the Beacon Power project is developing megawatt-scale flywheel plants

with a total rated power of 20 MW to support the frequency regulation market [3].

1.24. ELECTROCHEMICAL BATTERY

Today’s secondary (rechargeable) electrochemical batteries are the most investigated
storage devices. The peculiarity of these devices is that they can reversibly convert
electricity into chemical energy without additional machines. Since the first battery was
realized in 1799 by Alessandro Volta, many other technologies have been developed and
many others are in a research phase.

The attention focused on these devices is related to the wide assortment of
applications in which they can be used, from stationary grid applications to the electric
vehicle market and practically all industrial applications. The requirements vary
considerably with the application. Yet, there have been such huge industrial drivers and
interests over the last decades that much public and private funding is converging in the
research and development of new electrochemical batteries.

The main motivation of this research is that, with the exception of lead acid batteries,
there is no well-established technology that is able to fulfill all of the technical,
environmental, and safety requirements, even considering the prominent performances of
each technology. As indicated in [14], there are many fundamental gaps in our
understanding of the atomic- and molecular-level processes that govern a battery’s
operation, performance limitations, and failure. Fundamental research is critically needed
to uncover the underlying principles that govern these complex and interrelated processes.

The main battery technologies for industrial use are:

Pb-H2S04: Lead acid battery;

Ni-Cd: Nickel-Cadmium battery;
Ni-MH Nickel-Metal hydride battery;
Na-S Sodium-Sulfur batteries;
Na-NiCl2 Z.E.B.R.A. battery;

Li-ion Lithium ion battery;

VRB : Vanadium redox battery;
Zn-Br Zinc-Bromine battery;
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Lead acid battery (Pb-H2504)

This is the most mature, well known electrical storage technology used in all
industrial applications, ranging from UPS, automotive, and telecom applications up to
naval and submarine applications. Many models [15-18] and experimental activities
[19 - 22] have been used over the years to investigate and improve this technology. The
main disadvantage is related to a lower energy density and cycle life compared to the
newer technologies.

Significant, not for its nominal power but for its system life, is the 1 MW/1.5 MWh
lead acid storage system located in a remote island of Alaska by GNB Industrial Power and
Exide. This storage system, which had been operative for 12 years showing limited visible
performance degradation, was finally replaced in 2008.

Because it is a very low cost solution, this kind of technology is onboard all internal
combustion engine vehicles in order to guarantee the engine switch on and to realize a
stabilization function for the automotive electric plant. Its limited energy density prevents
this technology from being considered for hybrid or pure electric vehicles.

In order to improve lead acid battery technical performances, while maintaining their
low system cost, researchers have added carbon-enhanced electrodes to create advanced
lead acid batteries. The theoretical specific energy of lead-carbon batteries is 166 Wh/kg,
but actually only 70-80% of this value is reached [23]. Especially for the automotive market
in the U.S., the DOE is supporting Exide Technologies with Axion Power International and
East Penn Manufacturing Co. for the production of advanced lead-acid batteries. The idea
is to couple the traditional lead acid technology with a carbon supercapacitor in order to
fulfill the micro and mild hybrid applications [24, 25].

Regarding the system integration, the East Penn Manufacturing Co., USA, received
additional funding ($2.5 million for a total project cost of $5 million) [6] to demonstrate
the economic and technical availability of a 3-MW grid-scale, advanced energy storage

system using advanced lead-acid batteries.

Nickel-Cadmium battery (Ni-Cd)

Nickel cadmium batteries, both the oldest type and the vented pocket-plate, are very
reliable, sturdy, no memory effect, and long-life batteries, which can be operated

effectively at relatively high discharge rates and over a wide temperature range. They are
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typically produced in a range of 5-1200 Ah and are used in many industrial, military,
telecommunications, uninterruptible power supply, and emergency lighting applications
[26]. They have very good charge retention properties, and can be stored for long periods
of time under any condition without deterioration.

An important key aspect of this type of battery lies in its low cost compared with
other innovative technologies, which in any case is greater than traditional lead acid
storage. The limitations in using this kind of battery are related to the presence of
cadmium and the limited specific energy density compared with the innovative ones.

Due to its particular reliability and rugged performances in terms of electrical and
mechanical abuse tests, this kind of battery has been suitable for the automotive market.
Deutsche Automobilgesellschaft GmbH (DAUG) developed a new electrode structure, the
fiber-structured electrode for electric vehicle applications. This technology is presently
applied in all types of nickel-cadmium, as well as nickel-metal hydride, batteries.

A further innovation regards the plastic-bonded or pressed-plate electrode, where
the active material, cadmium oxide, is mixed with PTFE and a solvent to produce an
isotropic paste. In this way, the production cycle is well standardized and issues related to
dust during manufacturing are eliminated.

Fiber plate and plastic-bonded nickel-cadmium batteries find many applications in
traction, power stations, substations, aircraft, and other applications.

Typical specific energy values are 25 Wh/kg for pocket plate batteries, 40 Wh/kg for

larger fiber plate batteries, and up to 56 Wh/kg for plastic-bonded plate batteries.

Nickel-Metal hydride battery (Ni-MH)

In order to eliminate the presence of cadmium as an active negative material, an
evolution of the traditional nickel-cadmium battery is the nickel-metal-hydride battery,
where the cadmium is replaced with hydrogen absorbed in a metal alloy.

As shown in [26], industrially available nickel-metal-hydride batteries fit many of the
technical requirements required by United States Advanced Battery Consortium’s
(USABC) performance goals for the EV batteries. It should be noted that commercial
Ni-MH batteries are characterized by a specific energy of 70 Wh/kg, specific power of 220
W/kg, and an environmental operating temperature of -30 to 65°C, making them very

suitable for the automotive market.
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The continuing improvement in this kind of technology and excellent performances
in terms of safe operations at high voltage, charge and discharge safety (including
tolerance to abusive overcharging and overdischarging), maintenance free, excellent
thermal properties, capability to utilize regenerative braking energy, simple and
inexpensive charging and electronic control circuits, and environmentally acceptable and
recyclable materials are the main drivers of this kind of technology. Active interest in the
research and development of Ni-MH batteries is being shown by the US Department of
energy [24, 25], which is actually funding Johnson Controls, Inc, with an award of $299.2
million for the production of nickel-cobalt-metal battery cells and packs, as well as the

production of battery separators (by partner Entek) for hybrid and electric vehicles

Sodium-Sulfur batteries (Na-S)

Sodium-sulfur batteries belong to the family of sodium batteries. In the mid-1990’s,
this kind of battery was the best candidate for stationary electric energy storage
applications due to its potential low cost system, high cycle life, high specific energy (120-
220 Wh/kg), good specific power (up to 170 W/kg), and high energy efficiency (up to 90%).
In addition, the use of inexpensive and abundant materials avoid problems related to
availability. Due to the presence of a solid electrolyte at ambient temperature, sodium
batteries have to operate at a high temperature (300-350°C) in order to maintain the
electrolyte as a liquid. This is one of the main issues related to this technology, along with
the corrosion of the insulators, which is typical in the harsh chemical environment and
gradually causes conductive properties and increases the self-discharge rate.

The main technology developer is a Japanese collaboration between NGK Insulator,
Ltd. and Tokyo Electric Power Company (TEPCO), which started in 1984. Actually, more
than 316 MW of Na-S batteries are installed around the world, with a discharge capacity of

1896 MWh. The installed capacity is expected to double by 2012 [3].

Figure 1.6. NewYork Electric Power 1.2MW / 7.2MWh Sodium Sulfur Battery Facility [3].
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Z.E.B.R.A. battery (Na-NiClz)

In order to improve the performances of Na-S batteries and, in particular, the issues
related to the corrosion of the insulating material and the dendritic sodium growth,
different makers (ABB, SPL, and MES DEA) have reached a relatively advanced state in
developing electric-vehicle battery technologies based on a sodium battery (ZEBRA
battery).

The ZEBRA battery operates at 245 °C and is characterized by a specific energy range
of 100-130 Wh/kg and a specific power range of 170-240 W/kg [26]. The development team
efforts have concentrated on realizing an affordable, reliable, and safe sodium battery
storage system. Particularly significant is the comprehensive ABB experience, which tested
its ZEBRA batteries in a wide variety of car manufacturer’s vehicles (BMW E-1 electric car,
Chrysler minivan Tus, the Daimler Benz 190, two VW vehicles, and a number of Ford
Ecostar demonstration vehicles). Despite this, in the mid-1990’s ABB and SPL discontinued
their programs on this technology. In contrast, after a certain period of lower interest, on
February 1, 2010, MES-DEA and FIAMM founded a new company called FZ Sonick SA for
the production of ZEBRA batteries for the electric vehicle market and stationary grid

applications.

Figure 1.7. FZ Sonick ZEBRA battery with rated voltage of 557 V and 32 Ah for electric vehicle
applications.

Lithium ion battery (Li-ion)

This is today’s most investigated electrochemical storage technology in terms of
material development, and cell and system assembly.

They are characterized by a typical specific energy of 150 Wh/kg (a little more than
sodium batteries), a low self discharge rate (typically 2-8% per month), long cycle life

(more than 1000 cycle at 80% DOD), and extended temperature range of operation.
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The main drivers making this technology more interesting than others are the high
specific energy, high cell rated voltage (up to 4.2 V), high rate capability, sealed cell, and
no maintenance operation.

Actually, the research is still open in defining the most suitable configuration in
terms of anode and cathode materials, cell geometry, system monitoring, and assembly.
According to [25], Li-lon technology issues related to the chemistry and associated
materials can be improved and solved by means of adequate cell and system failure
identification models, system optimization, and system design. The continuing
development of new electrode materials does not establish this process. In order to
summarize the different Li-ion batteries topologies, Table 1.3 shows a comparison of
different technologies according to the cathode and anode materials.

Until now, major efforts have been devoted to designing a suitable Li-ion battery for
the electric and hybrid vehicle market and, as reported in [24] and [25], public funds have
consistently been allocated to numerous industrial companies (more than $1 billion from
the U.S. DOE in the last 2 years). The growing interest, as reported in [3], is also for several
utility grid-support applications such as Distributed Energy Storage Systems (DESS),
transportable systems for grid support, commercial end-user energy management
frequency regulation, and wind and photovoltaic peak smoothing. Many experts believe

that the stationary market for Li-ion batteries could exceed that for transportation.
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Table 1.3. Matrix of actual Li-ion battery technologies
ANODE MATERIAL
Graphite Hard Carbon LTO
+ safety + safety
+ low temperature performance + 1o cooling required
+ safety + life + life greq
+ life + higher power compared to + highest power
LiFePO4 + flat characteristic U vs. SOC graphite + low temperature performance
- low cell voltage - low cell voltage - low cell voltage
- energy density - steep characteristic U vs. SOC - cost g
- cost . - energy density
- energy density
+ low temperature performance + low temperature performance
. + higher power compared to .
i + high cell voltage raphite + life
< + energy density grap + very high performance
% NMC - steep characteristic U vs. SOC
= - safety - safet - low cell voltage
§ - low temperature performance - cost Y - cost
E - energy density - energy density
@) + safety
E + highest cell voltage + low temperature performance + low temperature performance
< g . 8 + higher power compared to | + life
i . . + energy density graphite + very high power
Mixed Oxide
- low temperature performance - steep characteristic U vs. SOC -low cell voltage
- cost - cost
- energy density
+ low temperature performance
* saffety + low temperature performance
+ cost + hlgher power compared to + limited cooling required
Stoichmetric spinel : ilal?eht;ell voltage graphite + very higher power
type LiMn,O, - steep characteristic U vs. SOC ~Tow cell voltage
- life - life . - energy density
- energy density

Vanadium redox battery (VRB)

This is the most mature of all the flow battery systems. Typically, flow batteries store

energy in liquid electrolytes as charged ions in two separate tanks. In contrast to the

others, vanadium redox uses one common electrolyte. The electrolyte on the anode side

and that on the cathode side are separated by a membrane that is permeable to ions. These

batteries, as a more complicated system despite being sealed batteries, required a certain

amount of auxiliaries to work correctly, in particular a hydraulic subsystem including

valves, pipes, and seals.

Actual experience with this technology shows the robustness and reliability of these

systems. In particular, suppliers estimate the lifespan to be 15 or more years, with a cycling

capability of 10,000 cycles at a 100% depth of discharge. As reported in [3] multiple

MW/MWh systems have been installed all over the world, and actual efforts on this
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technology aim to increase their notice by electric power companies and achieve a cost

reduction to gain market acceptance for grid-scale applications [23].

Zinc-Bromine battery (Zn-Br)

This is another flow battery that is in an earlier stage of development despite the
maturity of the vanadium redox battery. The interest is related to the claimed estimated
lifetime of up to 20 years and longer cycle lives. Small projects, typically in rural areas, are
being used around the world to avoid the installation of new power lines. In addition, in
the USA, electric utilities plan to conduct some experiments on a transportable system (0.5

MW/2.8 MWh) for grid support and reliability [3].

1.2.5. SUPERCAPACITOR

These devices are characterized by a greater energy density than traditional
electrolytic capacitors (by about two orders of magnitude). As in a traditional capacitor,
the energy is stored in an electrostatic field, so that no electrochemical reactions take place
during the charging and discharging processes. For this reason, the process is highly
reversible and the charge-discharge cycle can be repeated frequently and virtually without
limits (today a typical lifespan is up to 1 million cycles).

Today’s most common supercapacitors for industrial applications are based on
carbon for the electrode materials and an organic solution for the electrolyte. In this way,
the typical specific energy and specific power values are 7 Wh/kg and 4 kW/kg,
respectively.

An important characteristic of these storage devices is their well-established
production process. Thus, over the last 10 years, no significant variations in the chemical
and material design have occurred. In this way, much significant experience have been
gained in transportation, automotive, and industrial applications, particularly involving
stationary applications of supercapacitors for a peak shaving and energy recovery functions
on the electric light-train railway system in Dresden (Figure 1.8) and Cologne cities
(Germany, since 2002) and Madrid (Spain, since 2003), and the on-board experience
gained by Bombardier with its MITRAC energy saver for light-train and diesel-electric
train (Diesel Multiple Unit) applications. Much experience has also been gained with the
diesel hybrid buses made by Vossloh Kiepe GmbH (Germany), Scania AB Hybrid Bus
(Sweden), KAM (China), and ISE Corp. (USA), in addition to the Continental AG Active
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Boost for the second generation start & stop PSA vehicles (from 2012). Other important
industrial applications are the uninterruptible power supply (UPS) for a wind turbine pitch
control system (Enercon GmbH patent) and telecommunication applications, as well as
the industrial use with the hybrid fuelcell-supercapacitor forklift solution produced by Still
GmbH.

Figure 1.8. Siemens SITRAS SES full time installation in Dresden (Hellerau).

In the last years, as shown in [2, 6, 27], a growing interest in using supercapacitor
technology for grid applications has arisen. In particular, a supercapacitor’s technical
performances are especially suitable for transmission support, electric service power
quality, and wind generation grid integration (short duration fluctuations), Table 1.1 shows
that the typical discharge duration required is in the range of 2 seconds to 2 minutes In
this direction, it is important to underline the ongoing U.S. DOE funding on
supercapacitor applied research granted to EnerGz, Inc. ($21 million) and to the FastCap
System Corp., ($5.35 million) in order to produce a nanotube enhanced ultracapacitor with
a higher energy density comparable to standard batteries, yet with a greater power density
and a cycle life of thousands of times. The interest is related to the potential cost reduction

on hybrid and electric vehicles and on grid-scale storage applications.

1.2.6. SMES

In 1971, Peterson and Boom invented the SMES system used today, which consists of
a superconductive storage coil charged and discharged by a power interfaced converter.
Superconductivity Inc., USA, has been among the first to develop SMES technology
(Superconducting Magnetic Energy Storage) from an industrial point of view.

The energy is stored as magnetic energy using a superconductive material, consisting
of ceramic conductor showing the property of superconductivity with a neglectable

resistance at a very low temperature, in the range of a few Kelvin up to 134 K. In this way, it
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is possible to store energy without losses from the Joule effect, except those related to the
cooling system used to maintain the coil in a superconductive phase.

SMES devices, characterized by a specific power in the range of 1-10 kW/kg and a
specific energy of 1-2 Wh/kg [29], are suitable for stationary grid applications in order to
enhance the power quality by frequency/voltage control, network stability, voltage sag
protection, spinning reserve, and short term load leveling.

The first European industrial SMES system was installed in Elettra, the first European
“third generation” high brightness synchrotron light source in its range (Trieste, Italy). The
solution was designed to store 4 M], allowing operation in “islanding mode” for a
maximum time of 1 second supplying a load of about 1 MW [30].

There is active interest in developing innovative solutions based on SMES devices, as
demonstrated by the consistent funding of $4.2 million granted by the ARPA-E Agency
(U.S. Department of energy) to ABB in the period of 2010-2013. The SMES project has the
aim to increase the amount of energy that can be stored and to extend the duration during
which power is available at a fraction of the cost of actual SMES devices. In this project,
the team aims to develop a 20 kilowatt ultra-high field superconducting magnetic energy

storage system with a capacity of 3.4 MJ.

1.2.7. FUEL CELL

Fuel cell devices, in contrast to the storage technologies previously described, are not
strictly storage systems because the hydrogen used is an energy vector. In addition, in a
fuel cell, the fuel and oxidant are supplied continuously from an external source when
power is desired. In a direct system, a fuel such as hydrogen (i.e. produced from water by
an electrolysis process), methanol, or hydrazine is injected directly into the cell to react
and produce electrical energy. In an indirect system, a fuel such as natural gas or another
fossil fuel is converted into a hydrogen-rich gas using a reforming process and is then used
in the cell.

The main obstacles in using hydrogen are related to the storage and technical-
efficiency performances of fuel cells in converting hydrogen into another energy type,
typically electric energy.

In principle, the process of any fuel cell could be reversed, allowing the chemical

energy contained in the hydrogen to be converted into electrical and vice versa. However,
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a given device is usually optimized to operate in one mode and may not be built in such a
way that it can be operated backwards.

Until now, many different types of fuel cell technologies have been developed [26]:
Solid Oxide (SOFC), Molten Carbonate (MCFC), Phosphoric Acid (PAFC), Alkaline (AFC),
Proton Exchange Membrane (PEM), Direct Methanol (DMFC), and Regenerative (RFC)
fuel cells, all with a specific power in the range of 10-40 Wh/kg and specific energy of 100-
500 Wh/kg.

The main applications are portable applications such as electric generator,
transportation, and stationary grid applications. In transportation, much experience has
been gained with industrial forklifts (i.e., Still GmbH RX 60 fork lift truck), automotive and
bus applications (i.e., the Van Hool GmbH buses delivered in 2010 for the AC Transit-ZEBA
Advanced Fuel Cell Bus Project in San Francisco), and scooters. Despite the large amount
of activity, there is no real market demand for fuel cell applications. Regarding the
stationary grid applications, the interest in using fuel cells is for on-site power generation,
cogeneration, and combined heat and power (CHP). These systems are especially suitable
for applications with large load requirements such as hospitals, universities,
manufacturing facilities, wastewater treatment plants, and grid support.

In Europe, the first fuel cell power plant with an industrial size was located in Milano
(Ttaly), with a nominal power of 1.3 MW, and consisted of 2 PAFC cells with a rated power
of 650 kW, Actually, the power plant has been converted using four novel stacks of molten
carbonate fuel cells with a nominal power of 500 kW. It is also significant that an
announcement was made in February of 20u1 by FuelCell Energy, Inc., a leading
manufacturer of ultra-clean industrial solutions, that Southern California Edison Company
(SCE) has ordered the installation of a 1.4 megawatt (MW) fuel cell power plant as a utility-
owned fuel cell on the campus of California State University, San Bernardino.

A growing interest in fuel cell grid applications has also been shown by the U.S. DOE.
In 2010, it granted public funding of $2.1 million to devise an advanced energy storage
device incorporating a regenerative fuel cell, which means a fuel cell capable of being
reversed without a significant loss of efficiency. In fact, as reported in [6], regenerative fuel
cell research needs to improve the thermal management of endothermic electrolysis

reactions and exothermic fuel cell reactions.
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1.3. FUTURE DIRECTIONS OF STORAGE SYSTEMS

The actual potential market for energy storage systems is huge considering both the
transportation and grid scale applications. The general overview given above underscores
how all of the technology options need further enhancement in order to fulfill the related
applications performance requirements. If the common research driver is a lower power
and energy cost, from a technical point of view, different technical improvements for
transportation and grid applications are needed.

In transportation, the major attention is devoted to supercapacitor and
electrochemical storage devices, particularly lithium ion technology. If the main limitation
of a supercapacitor is related to the less than brilliant energy density, the main issues
related to lithium-ion technology are related to the safety of this technology when used in
stressed operating conditions and the acceptable operative working temperature. In grid
applications, characterized by a stronger system vision, the main needs concern not only
the development of new material and technology options in order to increase the system
performances, but, in addition, new methodologies for optimal sizing, placements, and
control strategies to maximize the value of the storage [6].

Another common point for storage applications is related to the real potential
benefits achievable by the integrated use of storage systems. When analyzing single
benefits, it is not typically possible to achieve a consistent economic advantage from the
use of storage devices. The highest revenues are obtained when multiple benefits are
considered [3]. Furthermore, in grid applications, the policy rules and regulatory
framework have to be revised in order to have a significant impact on the allowable cost of
energy storage systems. In this way, electric authorities can play an important role to
encourage the use of storage devices and to accommodate the benefits of emerging energy
storage systems. The market potentiality of the stationary electric network applications
can be an important driver for the massive industrial production of storage technologies,
matching the industrial system cost requirements for transportation applications.

These general considerations underline why the actual research objectives are not
only the development of new innovative storage technologies but also the development of
adequate diagnostic and modeling tools, system analyses, advanced control systems, and

power electronics, along with demonstrations and deployment experiments, in order to
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really understand the potentiality of a single storage technology and the real benefits of

using it in actual applications [3, 6, 23].
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2. SUPERCAPACITORS: TECHNOLOGY AND
PERFORMANCES

2.1. SUPERCAPACITOR TECHNOLOGY

In its construction and operation, a supercapacitor differs markedly from an
electrolytic capacitor. The latter is a single capacitor comprising two conductors separated
by an insulator. Supercapacitors, from a construction point of view, are similar to
electrochemical batteries in that each of the two electrodes is immersed in an electrolyte,
and they are separated by an ion-permeable membrane (Figure 2.1). In particular, the two
electrodes are aluminum foils, upon which a nonporous material, typically activated
carbon, is deposited in order to realize a high equivalent conductive surface. The two
electrodes are immersed in an electrolyte solution, typically acetonitrile. The anions and
cations of the solution are respectively attracted toward the positive and negative
electrodes and, without charge transfer, form thin layers, with intermolecular distances
between the ions and electrodes. The name Double Layer Capacitors (DLCs) is derived
from these two layers, which are where the energy is stored due to the presence of an
intense electrostatic field. The separator has the unique function of preventing any direct

contact between the electrodes with an evident short circuit effect.

Separator

Electrode Electrode

Electrolyte

Figure 2.1. Structure of supercapacitor.

The main difference, compared to electrochemical batteries, is that in DLCs, in
principle, no electrochemical reactions or phase changes take place, or they are strongly

reduced, and all of the energy is stored in an electrostatic field using the reversible
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adsorption of the ions of the electrolyte onto active materials that are electrochemically
stable and have high accessible specific surface areas. For this reason, the process is highly
reversible, and the charge-discharge cycle can be repeated frequently and virtually without
limit. Each electrode-electrolyte interface represents a capacitor; therefore, the complete
cell comprises two capacitors in series. The thickness of the double layer depends on the
concentration of the electrolyte and on the size of the ions and is on the order of 5-10 A for
concentrated electrolytes. The double layer capacitance is about 100-200 F/m* for a
smooth electrode in a concentrated electrolyte solution [1].

The electrode surface area is increased by using porous electrodes with an extremely
large internal effective surface of up to 3000 m*/g of activated carbon. These last two
construction details make it possible to realize, considering parasitic effects and the total
active mass (electrodes and electrolytes), supercapacitor storage devices of up to 75 F/g.
The double layer is also called the Helmholtz layer after the physicist who introduced the

model to explain this phenomenon in 1853 [1].

2.1.1. SUPERCAPACITOR CLASSIFICATION

The dynamic behaviors of supercapacitors are strongly related to the ion mobility of
the electrolyte used and to the porosity effects of the porous electrodes; the storage
process in the double layer is a superficial effect, consequently the electrode surface
behaviors play an important role. The most common DLCs for industrial applications are
based on carbon for the electrode materials and an organic solution for the electrolyte,
typically acetonitrile. In order to classify supercapacitors, the electrode material and

electrolyte type are extensively discussed in the following.

2.1.2. ELECTRODE MATERIAL

As is known, the charge storage process in the double layer interface is greatly
influenced by the surface characteristics of the electrodes. Consequently, the electrode
materials play a crucial role in determining the properties and cell performances of
supercapacitors. The common materials used are:

Carbon. According to manufacturer’s technology, carbon is used in various
modifications. The main reasons for choosing this material are related to the low
cost (typically coconut shells are used), high surface area, and the fact that it is an

established electrode production technology. In addition, the use of carbon
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materials make it possible to realize a specific surface area of up to 3000 m2/g and
a charge storage in the electrochemical double layer that is predominantly
capacitive. There are two main carbon electrodes: activated carbon electrodes and
nanostructured electrodes. The first is the most common in industrial applications
due to the low cost of its production because of the specific surface area. The
carbon forming the electrodes is attached to the metallic collector using a bonding
agent. The thermal activation process makes the carbon electrodes highly porous.
The interest in nanostructured electrodes is connected to the possibility of realizing
a regular porous structure with an average pore diameter of 2 nm. The main
problems, actually, are associated with the growth on the conducting current
collector, density of tubes, carbon weight per cm2 of collector, and achievable
electrolyte molarity [2]. Nowadays, industrial carbon-based electrochemical
capacitors mainly store energy in an electrostatic field. Therefore, the
pseudocapacitance contributions from surface functional groups, typically redox
reactions, can be neglected and controlled in the manufacturer’s process.
Metal oxides. Metal oxide electrodes show good performances related to the
capacitive effect, up to 750 F/g, but they are characterized by the presence of a high
number of redox reactions in the metallic oxide. Thus, the capacitive effect is
mainly related to electrochemical reactions. Favored metal oxides are RuO2, IrO2,
and other noble metals realized by thermal or electrochemical processes. These
materials have excellent electrical conductivity and a surface area of up to 100 m2/g.
By applying a sufficient potential difference between electrodes, a redox reaction
takes place; for example, when RuO2 is used as the electrode, the two
semi-reactions and global reaction that take place are [3]:

POSITIVE ELECTRODE: HRuO,«>H;_sRuO,+5H +8¢”

NEGATIVE ELECTRODE: HRuO,+8H +8e «<>H:;Ru0,

GLOBAL REACTION: HRuO,+HRuO,«<H;.sRuO,+H;sRuO;
The main reason for using RuO, as the electrode material is related to the
independence of the capacitance on the applied voltage. High capacitance values
are obtainable by using IrO, as the electrode material, but the strong voltage

dependence on the capacitance must be taken into account. Both solutions are
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strongly limited from an industrial point of view due to the high cost of the noble
metals used.

Polymer. Polymeric materials such as p- and n-doped poly (3-arylthiopene),
p-doped poly (pyrrole), poly (3-methylthiophene), or poly
(1,5-iaminoanthraquinone) can be used as electrodes for electrochemical redox
supercapacitors because the kinetics of the electrochemical charge-discharge
processes, known as doping-undoping, are generally fast [4]. Compared to metallic
oxides, polymeric electrodes can be realized at a lower cost, which makes them
interesting from an industrial point of view. Furthermore, these materials have the
peculiarity to be doped, in a way similar to semiconductors, so that the
conductivity, according to the oxidation or reduction reaction in which the
electrode is interested, can be controlled. Another difference between polymeric
and metallic oxides is related to the redox reactions that take place: a unique redox
reaction type in polymeric materials and different ones in oxide metallic electrodes.
This means that the production process for polymeric electrodes can be easily

controlled.

2.1.3. ELECTROLYTE TYPE

The electrolyte selection is as important as the electrode one. The maximum working
voltage for a supercapacitor cell is mainly limited by the decomposition voltage of the
electrolyte, so that the energy density is strongly limited by it. In addition, the power
density, limited by the internal resistance of the device, is mainly related to the electrolyte
conductivity.

The choice of the coupled electrode-electrolyte must be carefully evaluated because
the dimensions of the pores on the electrodes have to be designed according to the
electrolyte ion molecular dimension. There are 2 main electrolyte categories:

Organic. Organic electrolyte is the one that is most used in commercial devices and
is characterized by a higher achievable voltage despite being of the aqueous type.
Common cells using these electrolytes reach a unit cell voltage above 2V, typically
in the range of 2.5-3 V. The limitation on the cell voltage is due to the water content
of the electrolyte and impurity in the solution. Different research projects have
shown the possibility of increasing the maximum operative voltage by purification

processes for the electrolyte, but in this case the electrode corrosion must to be
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controlled by protective coatings [5]. The main gap is due to the specific resistance,
which is greater than the aqueous electrolyte type by at least a factor of 20. This
affects the maximum deliverable power and the total efficiency of the device.

Aqueous. Technically, the advantages in using aqueous electrolytes are related to
the higher conductance and the easier purification and drying processes during
production [6]. The higher conductance value is obtainable by the lower molecular
dimension of the ions, which yields a lower resistance in moving through the
electrode’s pores. This means higher values of deliverable power are obtainable.
Furthermore, the cost of an aqueous electrolyte is lower than that of the organic
type. The main disadvantage is related to the lower operating voltage, which is
typically 1 V. Thus, the amount of storable energy is significantly lower at the same
volume. Common aqueous electrolytes are sulphuric acid and potassium hydroxide.
Polymer. Polymers, when combined with appropriate salts, show a high ionic
conductivity for use as electrolytes. Peter V. Wright, a polymer chemist from
Sheffield, and his associates, first showed in 1975 that poly-ethylene oxide (PEO)
can act as a host for sodium and potassium salts, thus producing a solid electrical
conductor polymer/salt complex [7]. Actual studies on poly-ethylene oxide-based
polymer  electrolytes and  ionic  liquid-incorporated  poly-vinylidene
fluorideco-hexafluoropropylene-based gel polymer electrolytes [8] show a growing
interest. The main restriction in using liquid electrolytes is related to the maximum
applicable voltage. Thus, only limited values of specific power and energy can be
achieved. In addition, the organic electrolytes that are commercially used suffer
from safety problems related to their volatility, flammability, and toxicity. PEO-
based electrolytes are some of the most promising materials due to their good
thermal and electrochemical properties, even if they are hindered by a low room
temperature ionic conductivity. For this reason, researchers are investigating the
benefits of adding room temperature liquid electrolytes to PEO-based electrolytes
to improve the ionic conductivity, as shown in [9,10], which investigated new room
temperature molten salts and polymers compatible with the molten salts to achieve

high ion-conductive.
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2.2. FUTURE DIRECTIONS FOR SUPERCAPACITORS

The supercapacitors that are commercially available can deliver high levels of
electrical power and offer long operating lifetimes. These devices are often compared to
lithium-ion battery technology, with a continuing debate about the advantage of using
high power lithium-ion batteries instead of supercapacitors in transportation and grid
applications. From a technical point of view, supercapacitors are characterized by the
faster availability of the stored energy compared to a lithium battery, with larger stored
energy for the latter. With this motivation, and in order to enlarge and strengthen
supercapacitor penetration in all of the typical lithium battery applications, the research
aimed toward increasing their specific energy, while maintaining the same characteristics
of specific power and lifespan.

Actually, the research is moving in two important directions. The first involves the
study of new electrode materials in order to increase the specific surface area and
consequently the related specific capacitance, while the second involves realizing hybrid
supercapacitors that can exploit pseudo-capacitive metal oxides with a capacitive carbon
electrode, or lithium-insertion electrodes with a capacitive carbon electrode. In this way,
the cell voltage and specific energy can be improved [11].

In relation to the first direction, it is important to underline the prominent research
on the use of nanotube structures for the electrodes to achieve an increased specific
surface area, due to a well-ordered and precise realization of the electrode structure,
despite the traditional porous one. Niu et al. first introduced the idea of a DLC using
entangled multiwalled nanotubes (MWNTs) [12] and achieved prominent results usable for
industrial production, as represented by the use of an electrode structure based on
vertically aligned carbon nanotubes (VCNT) as the active layer. As shown in [4], specific
energy densities up to 21 Wh/kg and 22 Wh/I are obtainable at a voltage of 2.7 V for a
packaged DLC cell using the VCNT-based electrodes.

Another important research result regarding the electrode’s structure involves the
possibility of increasing the capacitance by means of pores smaller than the solvated ion
size (micropores). This has been provided by experiments using carbide derived carbons
(CDCs) as the active material [13, 14]. As reported in [u], there is a clear lack of
understanding of the double layer charging in the confined space of micropores, where

there is no room for the formation of the Helmholtz layer and diffuse layer expected at a
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solid—electrolyte interface. Some recent studies [15, 16] provided some guidance for
developing micropore materials with improved capacitance properties, but further
material optimization may take a very long time.

The second research direction aims to improve both the energy and power density of
electrochemical supercapacitors by adding an activated carbon structure with
pseudo-capacitive materials (Figure 2.2), which can be characterized by fast, reversible

redox reactions at the surface of the active materials.

<— Activated carbon grain

@ Pseudo-capacitive material

‘ .' «—— Activated carbon grain

Current collector

(a) Current collector

(b)
Carbon nanotubes or fods ——> I ' @ Pseudo-capacitive material

(c) Current collector \_/ (d) Current collector

Figure 2.2. Decoration of activated carbon grains (a) or highly ordered high-surface-area carbon
nanotubes (c) with pseudo-capacitive materials, respectively (b) and (d), [11].

Particularly interesting is the hybrid concept that originated in the Li-ion batteries
field. The actual studies and first prototype products combined a lithium-insertion
electrode with a capacitive carbon electrode. In particular, the interesting results on
nanomaterials, as well as continuing improvements in lithium-ion technology, should lead
to the design of high-performance supercapacitors. The gap between lithium-ion batteries
and EDLCs could be filled by combining high-rate redox reaction anodes or lithium
alloying anodes with a positive supercapacitor electrode. These devices could be very
interesting in applications where high power and medium cycle life are needed, such as

hybrid automotive applications.
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2.3. SUPERCAPACITOR BEHAVIORS AND METHOD ANALYSIS

Commercially available supercapacitor devices are characterized by the typical

performances specified in Table 2.1.

Table 2.1. Supercapacitor typical performances
Specific Energy (Wh/kg) 1-5
Specific Power (kW/kg) 1-8
Self discharge (days) 30
Cycling lifetime (cycles) 1 million
Operative Temperature Range (°C) -40 +65
Cell operative voltage (V) 2.7-3.0
Efficiency 0.7-0.95
Specific Energy cost (€/Wh) 30-50

The range of collected data, particularly for the specific energy, power, and system
efficiency, takes into account the performance variations according to the real condition of
use. In order to better understand these aspects Figure 2.3 shows a measured Ragone plot

for a real supercapacitor cell.
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Figure 2.3. Measured Ragone plot for 150F@2.7V Maxwell Technologies cell. The specific power
and energy were measured between the nominal voltage and half that value.

4 5

According to this, it is clear how the real working conditions influence the technical
performances of the device in a consistent way, and how an adequate modeling is
necessary in order to correctly implement and integrate the technology in real
applications. A first important aspect involves the close relationship between the
performances and dynamic use of the device.

The main methods for analyzing the performances of a supercapacitor are:

Constant Current charge/discharge tests;
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Cyclic Voltammetry;
Electrochemical Impedance Spectroscopy (EIS).

A constant current charge/discharge test is a common analysis method for evaluating
device performances in terms of terminal voltage variation according to the applied
charging/discharging current rate. This method, which was especially common in the past,
to evaluate the performances of electrochemical batteries, is able to identify the device
performances related to the steady state condition of the test. Yet, no information
regarding the device dynamic response is identified in a direct way. Particularly for a
supercapacitor, the charge or discharge interval is on the order of tens of seconds at a
maximum, which means the test is characterized by a harmonic content that is closer to
the typical dynamic use of a supercapacitor rather than to a steady state condition. In this
way, the results are greatly affected by the dynamic imposed by the test, which could make
it very difficult to understand the real device performances due to an overlapping of
dynamic effects.

In order to improve this aspect, cyclic voltammetry has been extensively employed
[17, 18] because it can analyze the device performances according to the dynamic applied.
In particular, considering the relationship between the voltage and current of an ideal
capacitance as:

du
i(t)y=C—, (2.1)
dr
it is possible to measure the accessible capacitance, C, as the ratio between the imposed
current, which is typically constant and equal to I, and the voltage sweep rate, du/dt. In
the case of a pure capacitor, the response currents follow (2. 1). At a porous electrode, 1
increases with du/dt but, owing to the effect of the distributed resistance of the pores and
electrolyte, at a rate proportional to a power of du/dt lower than 1 [19]. In other words, due
to the dynamic performances of the device, the charge/discharge acceptance decreases

with an increase in the voltage sweep rate so that, as shown in Figure 2.4, the area

enclosed by the curve increases with the voltage sweep rate.
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Figure 2.4. Cyclic voltammograms (current density versus voltage) for nanoporous gold/MnO2

electrode at six different sweep rates between 10 and 100 mV/s [20].

Finally, electrochemical impedance spectroscopy (EIS) represents today’s most used
method to investigate storage device behaviors. There are three different approaches to
EIS, but the most common and standard one is to measure the impedance by applying a
single-frequency voltage (or current) to the terminal of the device while testing and
measuring the phase shift and amplitude, or real and imaginary parts, of the resulting
current (or voltage) at that frequency using either an analog circuit or fast Fourier
transform (FFT) analysis of the response [21]. In particular, each test can be conducted at
different polarization voltages (or currents), which means applying a sinusoidal voltage of
a few tens of mV to the device at a mean value, Upc. If the test is current-controlled, which
is typical for electrochemical batteries, this means charging or discharging the device with
a mean current value, Ipc, with a summed sinusoidal current in order to measure the
impedance at a specific frequency.

The advantage of this technique is the possibility to investigate the dynamic device
performances in the frequency range of greatest interest. In addition, the analysis results
consist of the frequency response of the device, so that a direct and immediate indication
of the possible electric circuit capable of modeling that dynamic is given. Finally, the
punctual information regarding each single explored frequency gives precise details
regarding the internal dynamic characterizing the device.

As shown in Figure 2.5, EIS directly shows the electric parameter of a device as a

function of the applied frequency of use. This makes it possible to directly notice, for
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example, the region in which the device behaves as a supercapacitor or the region in which

no capacitance can be found. In particular, referring to a series model of the device, in this

figure, the equivalent resistance and capacitance are reported.
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Figure 2.5.

In this work, the device analyses of commercially available supercapacitors (carbon

activated electrodes in an organic electrolyte) were carried out using electrochemical

impedance spectroscopy (EIS) and traditional constant current charge/discharge tests.
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2.4. SUPERCAPACITOR MODELS

2.4.1. DOUBLE LAYER CAPACITANCE
The theory of the double layer was first treated by Helmholtz in 1853, who discovered

charge storage at the boundary between a conductor and ionic solution [1]. It was further
investigated by the physicists Gouy, Chapman, and Stern [22-24] (Figure 2.6). The

Helmholtz double layer differential capacitance can be expressed as:

Cyp=6%, ’%’ (2.2)
where ¢,¢, represent the dielectric constant.

In 1913 Chapman, independently of Gouy, gave a mathematical formulation to this
problem in order to describe the casual ion distribution of the “double diffused layer” by

means of a Poisson equation and Boltzman distribution. The Gouy-Chapman

mathematical formulation defines the double layer differential capacitance as:

2Xg X X VA
Coc=z /)qu—t‘) coshzixu:’, (2.3)

where ¢ is the dielectric constant, z is the valence of the ions, n, is the number of ions per
cubic meter, Y, is the applied potential drop, q is the elementary charge, and u; is the
thermodynamic potential, which is defined as:

_koT

Uy g (2.4)

where T is the temperature in K and k is the Boltzman constant.

Finally, in 1924, Stern improved the two previously described theories by also
considering the size of the ions in the solution. His theory describes the double layer
configuration as consisting of two distinct zones. In the first one, the potential distribution
follows a linear dependence, as in the Helmholtz theory, while in the second one, the
charge distribution is a double diffusion layer, as in the Gouy-Chapman theory (Figure
2.6). It could be said that this theory is the integration of the previous theories, so that the
total capacitance can be expressed as the series connection of the Helmholtz capacitance
expression (2. 2) and that of Gouy-Chapman (2. 3):

1,1

1
CS C'H CG—C . (2' 5)
From these more electrochemical models, different evolutions have been developed,

taking into account also the resistive contributions of the electrodes and electrolyte. This
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has produced more electrical models obtained from a network of resistors and voltage-

dependent non-linear capacitor branches.
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Figure 2.6. Potential drop distribution at electrode interface according to Helmholtz, Gouy-

Chapman and Stern models.

2.4.2. THE ROUGH AND POROUS ELECTRODE IMPEDANCE

The use of rough and porous electrodes is the most common technical solution
adopted to greatly increase the double layer surface. De Levie [25, 26] first analyzed and
presented a model describing the pores of a porous electrode as essentially circular
cylindrical channels of uniform diameter and semi-infinite length. If the series resistance
of the electrolyte per unit length is r, and the interfacial capacitance per unit length is c,
then the pore behaves as a transmission line with open-circuited output terminals (Figure
2.7). The last condition makes it possible to describe the mass transport impedance due to
linear diffusion in a plane sheet with an impermeable boundary (restricted diffusion) [27],

which is typical in a double layer interface.

i redx i,
e — e
u, ceodx— u,
° ————e
Figure 2.7. Resistive-Capacitive transmission line circuit representing behavior of semi-infinite

diffusion process.
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By solving the electric circuit in Figure 2.7 the equivalent impedance at the input

terminals, u,-i, when the abscissa x = [, with [ the pore length, can be written as:

Zp(jw) = ﬁxcoth(lx,/r xjww) (2. 6)
J

As shown in [28,29] the inverse transform of the general expression reported in (2. 7)

k ak 0
G(jw) = —=cothg—=,/jw = (2.7)
N
is equal to
2 2 ¥ ai nzpz)k]z g)s
o(0) = k2%, 2 e§ K e 2. 8)
k, k, =

which means, by comparing the expression in (2. 6) with (2. 7), the inverse transform of

Zp(jw) in (2. 6) is equal to:

2402

% 0
Yy & ot
1 2 3 € ors
Z(t)=—+-"—-9 e 2, (2.9)
P cd A ,%

It is important at this point to underline the close relationship between the two
models represented in Figure 2.8. Figure 2.8(a) is the transmission line model arising from
the De Levie theory reported above, while Figure 2.8(b) is the circuit representation of the

Z ,impedance in the time domain of (2. 9). The two circuits can all yield the same

impedance for all frequencies when their elements are properly related.

2°r°1
redx redx n2s 2
Ae -
ce
: - c-l
(a) codx—— cedx ]7 (b) 2
Be _—— A < B
Figure 2.8. Two equivalent circuits when circuit parameters are properly interrelated. The

transmission line model (a) for x = I (pore length) is equal to the series model (b).

The benefit of using one model rather than the other is mainly due to the possibility
to use the continuity and knowledge of the physical processes involved and to relate the
circuit parameters to specific or physical quantities that can be easily measured. As will be
shown in the next chapter, the representation in Figure 2.8(b) makes it possible to
introduce a simplified parameter identification procedure based on the specific

measurements of physical quantities.
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2.4.3. SUPERCAPACITOR ELECTRICAL MODELS

Different models have been developed from the above physical approaches
(Figure 2.9) [28, 30-35]. These are more or less complicated according to their ability to
properly model the DLC behavior. In fact, the majority do not arise from the punctual
physical consideration reported above. On the other hand, some of these models, despite
their poor accuracy, are characterized by a very simple parameter identification procedure.
The easiest and most common simplified model is the classical equivalent model shown in
Figure 2.9(a). It consists of an ideal capacitor, C; an equivalent series resistor (ESR),
modeling the internal device resistance; and an equivalent parallel resistor (EPR), which
takes into account the self-discharge. This model is very easy to use as the parameter
identification procedure, but the validity of its results are strictly dependent on the test
conditions in which the parameters are identified. As previously introduced, the dynamic
behavior of supercapacitors is non-linear. Thus, this model is especially inadequate when

the dynamic has to be considered.

RO Rl RZ R3
(a) (e) EPR
C . TCO 1 TCZ TC3
% ESR
(b) EPR ® )
EPR ic0 L C, W% C,

= AAA— o
Rl Trasmission R2 R3
(©) EPR ® Line
C C
(R.0) ’ }
C] Cz L]

T

c C

2 2

R, L
(h) N
(d) EPR M/W,—ﬁjj)—({_
C C u

T

2

_ 23t 23
¢ 1?5p?sC m* 3> xC
Z

Figure 2.9. Some electrical models taken from literature: (a) classical model, (b) non-linear
capacitance model, (c) two-branch model, (d) three-branch model, (e) four-branch
model, (f) ladder model, (g) transmission line model, and (h) series model.
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A first evolution of the DLC model is the non-linear capacitance model shown in,
Figure 2.9(b) [30]. This model takes into account the non-linearity of the equivalent
capacitance of the device according to the polarization voltage by means of a non-linear
capacitance with its applied voltage. This model, which is easy enough to use, lacks the
ability to characterize long-term DLC behavior, due to its lack of additional elements to
represent the redistribution phenomena, and the high dynamic of the charge/discharge of
the device.

More advanced lumped models are represented by the two-branch model,
Figure 2.9(c) [31], three-branch model, Figure 2.9(d) [32], and four-branch model,
Figure 2.9(e) [33, 34]. These models, all characterized by a parameter identification
procedure based on the constant current charging test, are valid for modeling the low
frequency behaviors of a supercapacitor, but they are not accurate at high frequencies.
These models differ from each other in the way they represent the DLC’s medium- and
long-term behaviors. In fact, according to the number of parallel branches, the low
dynamic of the device, redistribution phenomena, and self discharge are correctly
represented, but the first branch is inadequate to represent the supercapacitor’s dynamic
behaviors when the charge and discharge frequencies are over 0.1 Hz. In addition, many of
these models require precise and accurate measurements in order to identify the first
branch parameters.

The ladder model of Figure 2.9(f) and the transmission line model of Figure 2.9(g)
[35] are also very difficult to implement due to the parameters identification procedure.

Finally the series model of Figure 2.9(h) is able to represent the high dynamic of the
device in a frequency range of tens of mHz to hundreds of Hz [28]. In contrast to the other
models, this last one arises from an EIS analysis of the device, so that the aim of the
equivalent electric circuit is to model the real frequency response of the device. However,
this model, due to its lack of parallel branches, is not able to model either the
self-discharge or the charge redistribution that is typical at low frequency. In addition, for
the model parameters, it is necessary to identify the complete frequency response of the
device (EIS), which means the use of sophisticated laboratory instruments.

The first aim of this work is introducing, in the next chapter, a new supercapacitor

model that is:
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capable of representing the full dynamic of the device;
based on the frequency response of the device;
characterized by a very simplified parameter identification procedure.

The new model is characterized by a complete modularity so that the equivalent
circuit can be tailored according to the desired accuracy in representing the device
behaviors. In addition, it will be shown how this model can be reduced to one of the
models previously described, and the points that the different models have in common
will be shown in terms of modeling and the parameter identification procedure.

Finally, the correlation between specific macroscopic parameters and device
performances will be presented, which is very useful both for a comparison between

different devices as a guideline and for their construction.
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3. SUPERCAPACITOR MODEL AND PARAMETER
IDENTIFICATION PROCEDURE

The model adopted and experimentally validated is based on the frequency response
of the device in the frequency range of 1 mHz to 10 kHz and the analysis of the open circuit
voltage in order to correctly model the full dynamic of the device ranging from the self
discharge up to a highly dynamic charge-discharge.

In contrast to other simplified models, the Complete-dynamic model makes it
possible to accurately evaluate the supercapacitor efficiency as the terminal voltage
variation due to the charge redistribution in the porous electrodes by means of the R-C
parallel branches. Each parallel branch represents the device behavior in a certain
frequency range and, in order to take into account the full device dynamic, all of the
branches have to be parallel connected.

The electric circuit reported in Figure 3.1, consists of a first branch able to model the
fast dynamic of the device a certain number of parallel branches, a priori chosen according

to the accuracy wanted in modelling the supercapacitor charge redistribution and

self-discharge.
A e
R,
1
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2t % c R, R, R,
Uyp 12 p 2 5C 5 R
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2t C
n’sp*C )
\
.7 - - Z
B - [ [N S —
First Second mth  Self-discharge
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Figure 3.1. Complete-dynamic supercapacitor model.

The possibility of estimating parameters using very simple tests is a very important
point for the usability of the model. It is clear that the parameter values that give the best
match between the model reported in Figure 3. and the experimental data can be
obtained with least square error minimization. This procedure is too complex to be

performed every time and requires the use of dedicated laboratory equipments in order to

52



3. SUPERCAPACITOR MODEL AMD PARAMETER IDENTIFICATION PROCEDURE

conduct the electrochemical impedance spectroscopy (EIS) that makes it possible to
obtain the experimental curve of impedance versus frequency. Thus, an easier procedure is
proposed in the following and the parameters obtained using least square error
minimization are used to verify the simplified procedure.

The temperature influence on the supercapacitor behavior is not analyzed because
the DLC temperature is assumed to be constant, as in the simplified models described in
[1-4], and because this does not affect the proposed simplified procedure for the parameter

identification.

3.1. FIRST BRANCH PARAMETERS IDENTIFICATION

The first branch makes it possible to model the short-terms supercapacitor behaviors
in the charge-discharge frequency range of 100 mHz-1 kHz. In this time domain a crucial
role is played by the porous and rough electrode behaviors and, in particular, it must be
taken into account the double layer capacitance dependence with the applied voltage
according to the equation (2.3). This means that the constitutive equations for the
capacitance between the applied voltage and the storage charge is non linear as reported
in (3.1), Figure 3.2.
q=f(u) 3.1)

In order to evaluate the equivalent impedance of the supercapacitor in the above
reported frequency range, due to the presence of a non linear element, the small signal
analysis can be applied. This is a common analysis technique to approximate the behavior
of a nonlinear device with linear equations, that means, with reference to the equation (3.
1), to approximate the expression of the stored charge in Up as the product of the

differential capacitance Cy, that is the tangent of the curve in Up, with the voltage Up

q=fw) 4
Qo - — = = —f.
I
I
' >
Up u
Figure 3.2. Non linear dependence of the charge stored in a capacitor with the applied voltage.
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In general framework, Figure 3.3, a linear impedance Z(jw) series connected to the
non linear capacitance C is supplied by a small AC supply eac(t) in series with the DC

supply E.. Due to the linearity of the circuit with the exception of the capacitance C¥ it’s

allowed considering the Thevenin equivalent circuit at the capacitance terminals

Z(jw)
I
eAC(t)T C) ]
yf c*
=] (D
Figure 3.3. Equivalent circuit of the first two branches during first redistribution interval.

The solution of the circuit can be written as the sum of the DC solution plus adding terms,
in particular:

u, () =U, pe tuy 0 (1);

u(t) =Upe +u,c(1); G.2)

i(t)=1pe +i, (1)
where the “DC” terms representing the solution arising from the evaluation of the working

point subjected to the DC supply, or polarization values, while the “AC” terms arising from
the AC supply. In particular in DC condition the voltage Upc on the capacitance C* is equal
to Ec. The solution of (3. 1) can be written as the sum of the DC solution plus the adding
terms and by approximating the non linear characteristic of the capacitance with the first

two Taylor series terms it results:

dq
du

where Cy represents the differential capacitance function of the applied voltage. By

qU petu ) » QLFUDC + Mo =qpe tCy XUy G-3)

u=Upc

subtracting the DC solution to the complete one it results:

1
eyc(O)=uy 4o @ tu, () =u, ,(0)+ C_ OAC(t) xdt (- 4)
d
The AC supply is sinusoidal by hypothesis and in addition the equation results linear, so it
is correct considering the phasor representation at the angular frequency o imposed by the

AC supply, so that it results:

E=Zxd+—1
JWC,
_ (-5)
_ ]
VAC_.
JWXC,
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The expression in (3. 5) is the approximate solution in sinusoidal regime due to the small
signal supply. In particular the approximation arises from the substitution of the non
linear characteristic with the tangent in the DC working point. This is possible if the
variation despite of the DC value Upc are enough small with respect to the bending of the
non linear characteristic in the considered point.
In presence of more than one non-linear elements the linearization procedure to study the
circuit is the following:
the DC solution of the circuit is determined. This is a non linear problem and more
than one solutions can be determined;
the non-linear elements are linearized with the approach reported above; in other
words the non linear resistances and capacitances are linearized in the desired DC
working point;
the phasor analysis is introduced in the linearized circuit considering the presence
of small signal generators
the global solution is obtained by summing the DC solution to the sinusoidal one.
This reported theoretical approach is the basis of the Electrochemical Impedance
Spectroscopy (EIS) previously introduced in chapter 2, with which it’s possible measuring
the device impedance for each frequency o and for each polarization DC voltage Upc. In

particular the pore impedance Z ,(jw,U ), according to (2.6), can be expressed as:

: = |_RWye) :
Z,(jW,U ) = WU moth(\/ JWOIXRWU pe ) XC(U )) (3.6)

where R(Upc) and C(Upc) are the electrolyte resistance and double layer capacitance

respectively, as functions of the polarization voltage Upc. According to (2.9), this

impedance in the time domain can be expressed as:

2402

1 24 EUnd
Z (t)=—+—Qqe 2. .

In other words, Z, consists of the series connection of the differential capacitance C

with, in theory, infinite R’C’ parallel branches, where:

23R 25t C

R=——>=—5— and C'=— (3.8)
n°- n X xC 2

witht = R>C . For practical use, the number of R’C’ parallel branches can be limited to 4-5

in order to achieve a sufficient accuracy. As explained later, C is the voltage dependent
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differential capacitance value, and z, dimensionally a time, is the time constant of the pore
and is strictly related to the dynamic behavior of the supercapacitor.

As reported in (3. 9), C and t can be expressed as functions of the voltage, u. During
the experimental tests, it was verified that C and z vary almost linearly with the voltage:
C=C,+k.ou
t =t,+k >u
By analyzing the expression in (3. 6) the following limits, which represents the DC

(3-9)

condition, can be easily verified:

. .8 2t ot R
limR, +Re{Zp} =R +Q ———— =R, +—— =Ri+—;
w® 0 az1 B P xC 3IxC 3

. (3.10)
limImw %Zp; = - —.
lim I >7p} = - —
From these two expressions, it is clear that, at very low frequency, the supercapacitor
shows its full DC capacitance as a function of the voltage and a resistance as the

contribution of the electrolyte resistance, R(U,,. ), and internal ohmic resistance, R;,. For

high frequencies, the following can also easily be verified:

lim R, + Re{Zp} =R, (3. 11)
which indicates that, at high frequencies, the complex pore impedance tends to become
zero, and the resistance contribution is related only to the resistance, R; which takes into
account the ohmic contributions of the electrodes and collectors.

All of the parameters of the first branch can be determined by just measuring the
device impedance in a specific frequency region without analyzing the complete frequency
response of the device. Due to the presence of other parallel branches, which are
responsible for the charge redistribution in the porous electrodes and self discharge, a zero
frequency test cannot be performed because, in this case, all of the others parallel
branches cannot be ignored. In order to neglect their contribution, the measurement
should be made at tens of mHz. As shown in the following (section 3.3 from Figure 3.8 to
Figure 3.11), by analyzing the frequency response for different voltages, v, at tens of mHz,
the real part of Zp is almost independent of the voltage and equal to R,, so that it is
possible to evaluate t (u ) as:

t =3>C3(R1- R,); (3. 12)
measuring the impedance at very low frequency. This means that using the R, resistance

and capacitance C at tens of mHz, and resistance R; at a high frequency of some kHz, it is

possible to estimate all of the parameters of the first branch for a fixed voltage. Repeating
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the tests at different voltages, it is possible to estimate parameter k., which takes into

account the variability of the capacitance with the voltage.

3.2. PARAMETER IDENTIFICATION FOR MEDIUM-LONG TERM
BRANCHES

Using just the first branch, it is not possible to take into account the charge
redistribution and self discharge in the porous electrode structure. This aspect is very
important to take into account when the efficiency of the device has to be modeled. A fast
charge, starting from a fully discharged device, causes an accommodation of a certain
amount of charge in the non-uniform structure of the electrodes. Practically, due to the
non-uniform structure of the electrodes, there are a certain number of pores that are not
easily accessible by ions in order to realize the interface layer where the energy is stored.
When the device is charged, the ions first move toward the pores characterized by a lower
equivalent resistance, which means easily accessible pores. Consequently, the other pores
characterized by higher resistance values, because they are difficult to access due to their
geometric disposal, are also reached by other ions. In other words, the full capacitance of
the device is not accessible with the same dynamic. Consequently, after stopping a charge
phase, started with the device fully discharged, there are a certain number of ions that
slowly move toward less accessible pores, which causes a voltage reduction in the device
terminal voltage, because increasing the total accessible pores increases the total
equivalent capacitance.

This redistribution causes a voltage reduction in the terminal voltage that can be
mathematically expressed as the sum of several exponential terms, as reported in the

following:

u (=8 4,5 . (3.13)
k=1

This phenomenon, due to the non-uniformity of the porous electrode structure,

causes greater values for the time constants of the pores in certain regions with, in

particular, greater values for the equivalent resistance with which ions move in tight pores.

This indicates that a certain amount of charge is trapped in these non-uniform zones of

the electrode or, in other terms, this charge can be delivered at a very low dynamic and

with a very low efficiency.
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The number of parallel branches needed to model this phenomenon depends on the
amount of non-uniformity in the structure of the porous electrodes. According to the level
of accuracy desired, the number of parallel branches can be chosen a priori. The
medium-long-term behavior of the device is represented by m RC branches in parallel, the
redistribution phenomena for 2 to m branches, and the self-discharge for the last branch.
The number of branches, m, can be chosen so that the time constant values vary
significantly from one branch to another. Thus, the discharge curve can be split into m
intervals. In interval k, only the branches from 1 to k are involved in the energy transfer. All
of the other branches, due to their higher time constants, are not affected by the
redistribution phenomenon because it is not started yet.

To simplify the parameter identification procedure, the time intervals can be chosen
independently from the cell under consideration. According to (3. 13), in this choice, the
only restriction is that the time intervals have to be far enough away from each other so
that, in each transient, all of the other previous branches can be considered to be in a
steady-state condition. Based on an analysis of the experimental data, it has been observed
that a good solution in the choice of the time intervals, I, is to use intervals that are
equidistant on a logarithmic scale, and in the i interval, the redistribution phenomenon is
mainly related only to the i time constant, z;, with 7; < M- 7;,, and M greater than 5.

Considering t, as the time instant in which the redistribution starts after the
complete charge and defining r, as the time constant responsible for the charge
redistribution from the first branch over the second branch, the time instant in which the
redistribution, governed by the second branch, can be considered ended is t,, which is
equal to M times 7. In this interval, all of the others branches, characterized by
consistently greater time constant values, are not affected by the redistribution. At this
point, after time instant t,, the redistribution phenomenon is governed by time constant z,,
which is responsible for the charge redistribution from the first two branches over the
third one and, similarly, time instant t; is defined as M times z,.

Mathematically it can be written:

1t =initial time for the redistribution observation

|

pL=Mxt, Lot <t<t,

fe,=Mx, 1, :,<t<t, t =Mx, (3. 14)
1 . . .

I . . .
ft,..=M>x_ 1 :t, <t<t, t, =M>x

m m-1
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subjected to 7; < M- ti,, and letting time constant z, be on the order of tenths of seconds.
For a fixed time window, T,, during which the self-discharge phenomenon has to be

analyzed, parameter M can be easily evaluated as:

T
M:mt—w. (3.15)

1

This proposed identification procedure is able to estimate all of the parameters of the
parallel branches from 2 up to m+1, using m voltage measurements made at the instants
given by (3. 14). In the first interval of the redistribution period, the equivalent circuit is

reported in Figure 3.4.

As
First-branch R,
u(t) equivalent
impedance C
. I
Figure 3.4. Equivalent circuit of first two branches during first redistribution interval.

If u(t;) and u(t,) indicate, for the considered interval, the initial and final voltages at
terminals A and B, respectively, for the circuit in Figure 3.4, using the charge conservation

law, it is possible to write:
u(t,)- u(t
C2: (l) (2)>Ceql
u(t,) N
It is worth noting that when considering the first interval, capacitance C,q , is not constant.

(3.16)

The capacitance varies when the voltage changes according to (3. 9). However, a mean
constant value of capacitance between u(t,) and u(t;) can be taken into account for the
parameter calculation.

Resistance R, can be calculated as follows:

—+

R =—=. (3.17)

)

2

After time interval I, the second redistribution interval, characterized by time
constant 7,, can be taken into account. At this point, all of the previous branches, which
are in a steady-state condition, start to discharge over the R; C; branch.

By considering the equivalent impedance of these two branches, the expressions in
(3-16) and (3. 17) can be iteratively repeated so that parameters R; and C; can be evaluated.

In a general form, the equivalent circuit at the k” interval is reported in Figure 3.5.
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Ae
First (k-1) R
u(t) branches R k
equivalent
impedance. 7 T C,
B ®
Figure 3.5. Equivalent circuit of first k branches during the k" redistribution interval.

The general expressions for parameters Cx and Ry become:

_ulte)-ut) 8!
c =L M) 2 ¢
w2

k
¢ (3.18)
R, =—
Ck
If a longer time interval needs to be simulated, the general approach allows the addition of
a certain number of parallel branches according to the desired accuracy to be represented.
By increasing the observation time, the parallel branches tend to increasingly
represent the self-discharge phenomena only and, in particular, the resistance value is
continuously increasing. In this branch, it is possible to neglect the Cp,, term and

represent this branch using only the equivalent parallel resistance (EPR), Figure 3.6.

A ®
First-m
u(t) bra.nches Requ R
equivalent leak
impedance =~ eqm
B [ 4
Figure 3.6. Equivalent circuit during self discharge interval.

Therefore, it is possible to determine this parameter by observing the last time
interval characterized by time constant z,,. Considering the same voltage variation at each

of the m time intervals observed, the Ri.q resistance can be evaluated as:

t
Rea = m (3.19)
feak u(t,,)- “(tk)>C
ue)

where Ceq m is the equivalent capacitance of the previously evaluated m branches.

The Rieqx value varies according to the time interval observed, because of the
variation of the equivalent capacitance, Ceq m. This is due to the fact that this branch
should not be merely the physical resistance but, according to the number (m) of branches
chosen, it also has to take into account the redistribution phenomenon of the

supercapacitor device.
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Using (3. 18) and (3. 19) to estimate the parameters of the parallel branches, only m
voltage measurements are necessary: m-1 voltage measurements in the instants t; by
means of (3. 9) plus one at the initial instant of discharge, t,. Moreover, a simpler way to
model the self-discharge behavior with the R value is using the following equation [2].
Ry = Y (3. 20)

leakage
where the nominal voltage, U,, and the leakage current, Iieqkage, are reported in the DLC
manufacturer’s datasheet. It is important to underline that this value of resistance is
normally different from the one evaluated with (3. 19) because the leakage current

reported in the manufacturer’s datasheets is typically a mean value referring to a time

interval of 72 hours when the charge distribution is again predominant.

3.3. EXPERIMENTAL ANALYSIS
In order to prove the generality of the complete model, as the parameters procedure,
the experimental activities were performed using other supercapacitor cells that were
different in size, shape (rectangular and cylindrical), and device generation. In particular,
the following reports the experimental results for four different types of supercapacitor
cells, whose data are reported in Appendix 7.1:
BCAPo140, a supercapacitor cell of 140 F at 2.5 V nominal voltage;
BCAPo150, a supercapacitor cell of 150 F at 2.7 V nominal voltage;
PCi0-old version, a supercapacitor cell of 10 F at 2.5 V nominal voltage;
PCio-new version, a supercapacitor cell of 10 F at 2.5 V nominal voltage.
The second cell represents the evolution of the first one; in fact, it is characterized by
a greater capacitance and nominal voltage values. From a geometric point of view, the
cylindrical cells are characterized by different terminal configurations: axial vs. radial.
Similarly, the fourth cell represents the evolution of the third one, even if the nominal
specified data from the manufacturer are the same. In addition, these cells have a
rectangular shape. Using these cells, it is possible to verify whether different geometric and
constructive solutions influence the device behaviors. In addition, considering the EIS
analysis conducted on other supercapacitor cells in the available literature [5-6], with
different sizes and manufacturers, along with the EIS data on innovative supercapacitors

with nanotube electrode structures that are not currently available on the market [7], it
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can be seen that the frequency response of these devices is qualitatively the same as that
reported in the following for the tested cells. This again proves the general validity of the
The EIS data of the supercapacitor devices in the frequency range of 10”-10°> Hz make
it possible to obtain a typical frequency response, as reported in Figure 3.7, where the
trends of capacitance and resistance are measured for different polarization voltages.

supercapacitor model introduced with different electrode structures.
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10

(o}

Frequency(Hz)

10
Frequency response: (a) capacitance and (b) resistance of 140 F @ 2.5 V Maxwell

supercapacitor (BCAPo140) cell at three different polarization voltages: o, 1.25, 2.5 V.
In the first analysis, it can be noticed that, according to DeLevie theory [9,10], the

EDLCs behave as supercapacitors in the low frequency range up to several tens of mHz,
where in this region the equivalent capacitance is linearly voltage dependent. For greater

Figure 3.7.
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frequencies, the equivalent capacitance starts to decrease down to zero for frequencies
greater than some hundreds of Hz. This is related to the ion mobility; in fact, the ions, due
to their mass, are not able to migrate when subjected to an electrostatic field of high
frequency. Consequently, the double layer, where the energy is stored, does not change
because ions do not move, and it is unable to store or deliver energy. For the resistance, a
continuous decrease can be observed with an increase in frequency. In particular, it can be
observed that the resistance in the high frequency region (10'-10> Hz), normally reported
on the manufacturer’s datasheet as high-frequencies resistance, is lower than the resistance
in the typical frequency range of usage of supercapacitor devices (10"-1 Hz) and normally
reported on manufacturer’s datasheet as DC resistance. In addition, in each of these
specific regions, the trend is quite constant. It is worth highlighting that, in the DC
condition, or a frequency of o Hz, the device resistance tends to be the self-discharge
resistance, Rjq. Finally, another important consideration involves the effect of the charge
redistribution, which can only partially be observed in the EIS plot reported in Figure 3.7.
For frequencies lower than some tens of Hz, the equivalent measured capacitance
continuously increases with the equivalent resistance, which shows greater values than the

DC resistance.

3.3.1. FIRST BRANCH PARAMETERS BY MEANS OF COMPLETE
PROCEDURE BASED ON EIS OF DEVICE

First, the parameters of the first branch, shown in Figure 3.8, are evaluated using a
least square minimization, considering the frequency response in the frequency range of
107-10° Hz, the region where the first branch well represents the device dynamic. In fact,
for lower frequencies, the redistribution phenomenon takes place, as confirmed by the
increase in the measured capacitance with decreasing frequency shown in Figure 3.7.
Because the first branch has to represent only the fast dynamic of the device, the lower
frequency of the frequency response considered is 10" Hz. The parameters obtained are
consequently used as reference values to assess the goodness of those obtained with the

simplified procedure described above.
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different polarization voltages: o, 1.35, 2.7 V: (a) capacitance and (b) resistance.
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10

Figure 3.9.

A comparison between Figure 3.8 and Figure 3.9 shows how the two tested devices

the old version of the supercapacitor, that is the 140 F

are dynamically different. In fact,

, shows a lower value of capacitance at each

rated capacitance at a nominal voltage of 2.5 V.

frequency compared to the new version, which is a 150 F rated capacitance at a nominal

as reported in Table 3.1, the new version

voltage of 2.7 V. From the dynamic point of view,

is characterized by a consistently lower value for the time constant, t, which indicates a

greater availability to deliver energy at a high frequency. Finally, greater values of

resistance at high frequency are measured for the new version.
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Figure 3.10.

minimization of 10 F @ 2.5 V Maxwell supercapacitor cell (PCio old version) at three

different polarization voltages: o, 1.25, 2.5 V: (a) capacitance and (b) resistance.
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1

(6]

1

Frequency(Hz)
Comparison between measured and modeled frequency response by least square

-1

minimization of 10 F @ 2.5 V Maxwell supercapacitor cell (PCio new version) at three
values of capacitance in the region of 10"-1 Hz and a consistent reduction in resistance

different polarization voltages: o, 1.25, 2.5 V: (a) capacitance and (b) resistance.
Different observations can be made in the comparison of Figure 3.10 and Figure 3.11
across the entire analyzed frequency range. The two devices are dynamically similar
considering the frequency region in which the supercapacitor behavior starts to decrease

where the old and new versions of a 10 F rated capacitance at a nominal voltage of 2.5 V are
analyzed. The technological improvement in these rectangular cells is evident by greater

(approximately at 0.2 Hz).

Figure 3.11.
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In order to evaluate the correlation between the modeled and simulated data, in
Table 3.1, where the first branch parameters are reported, the coefficient of determination,
R2, has been evaluated as:
Q 2
aj()/j,ex - yj,mod)

] — |
aj(yj,ex - )Iex)

Where the suffixes ex and mod refer to experimental- and model-based data,

R*=1-

(3. 21)

respectively, and the mean value is indicated with an overbar.

Table 3.1. Referring to the equivalent circuit of Figure 3.1, first branch parameters determined
by fitting device’s EIS data with impedance expression reported in (3.3). The
coefficients of determination, R* (considering the resistance and capacitance of the
device), for different supercapacitor cells determined by means of least square
minimization are evaluated in order to verify the mathematical validity of the
proposed model in representing the dynamic response of the device.

U Ri C T Coefficient of determination R’
[V] [mQ] [F] [s] Resistance Capacitance
0 4.89 100.91 0.95 0.971 0.991
BCAP0140 1.25 4.59 117.64 1.10 0.973 0.997
2.5 4.20 136.38 1.66 0.991 0.998
0 6.72 107.35 0.27 0.945 0.992
BCAPO 150 1.35 6.37 125.27 0.36 0.931 0.971
2.7 6.13 138.02 0.57 0.946 0.978
0 81.36 5.69 0.98 0.985 0.996
PC 10 OLD 1.25 72.33 7.41 1.31 0.988 0.997
2.5 65.83 8.61 1.65 0.986 0.997
0 50.60 6.99 1.20 0.990 0.998
PC 10 NEW 1.25 47.14 9.09 1.62 0.992 0.998
2.5 47.78 10.34 1.97 0.991 0.997

3.3.2. FIRST BRANCH PARAMETERS BY MEANS OF THE PROPOSED
SIMPLIFIED PROCEDURE

In the following, a comparison with the simplified procedure is reported. Similar to
the complete procedure, the following figures report the comparison between the modeled
and measured data. In particular, resistance measurements at low frequency (0.1 Hz) and
high frequency (1 kHz), in order to identify parameters R, and R;, see (3. 12), which are
necessary to indentify time constant t of the first branch, are conducted at a polarization
voltage equal to half the rated one, while capacitance measurements at 0.1 Hz, in order to
identify C, and k¢, see (3. 9), are conducted at a polarization voltages of o V and the

nominal voltage.
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Figure 3.12.
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Comparison between measured and modeled frequency responses using simplified

procedure for 150 F @ 2.7 V Maxwell supercapacitor cell (BCAPo150) at three different

polarization voltages: o, 1.35, 2.7 V: (a) capacitance and (b) resistance.
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Figure 3.13.

In order to verify the validity of the simplified proposed procedure, Table 3.2 reports

R

i

the coefficients of determination
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Table 3.2. First branch parameters and coefficient of determination, R* (considering resistance
and capacitance of device) for different supercapacitor cells determined using
simplified procedure

Uy Ri R, Cy ke Coefficient of determination R’

[V] [mQ] [mQ] [F] [F] Resistance Capacitance
0 0.945 0.9822
BCAPO0140 1.25 4.6 8.2 100.9 13.14 0.939 0.993
2.5 0.946 0.997
0 0.990 0.882
BCAPO 150 1.35 6.5 7.4 107.3 11.2 0.969 0.924
2.7 0.967 0.850
0 0.880 0.994
PC 10 OLD 1.25 72.3 138.0 5.68 1.08 0.967 0.994
2.5 0.901 0.996
0 0.969 0.994
PC 10 NEW 1.25 47.1 111.7 6.98 1.24 0.979 0.997
2.5 0.990 0.999

It is clear from the quantitative analysis reported in Table 3.2, where the estimation
error is always lower than 10%, that the first branch parameters based only on specific
measurement points (3 measurements at 0.1 Hz and 1 measurement at 1 kHz) lead to a

model with very high confidence for the dynamic behaviors of the supercapacitors devices.

3.3.3. MEDIUM-LONG TERM BRANCHES PARAMETERS BY MEANS OF THE
PROPOSED PROCEDURE

An evaluation of the parameters of medium-long term branches was conducted by
measuring the device open circuit voltage starting from the nominal voltage and
considering an observation time of 1.7 x 106 s. Previous to being fully charge, the devices
were left in a short circuit for at least 48 h in order to guarantee a full discharge.

In order to validate the procedure, in the following figures, comparisons are reported
between the measured data and simulated data, considering different numbers of
medium-long term branches. According to the number of branches used, different
estimation error values are obtained. In Figure 3.14 the modeling results with only 3
medium-long term parallel branches and, in Figure 3.154 with 5 branches, are reported on
two different types of supercapacitor devices. It is worth noting that the choice of the time
constants, according to (3. 14) and (3. 15), is independent of the cells and depends only on
the observation time and on the number of medium-long term branches. Thus, with the

same time constants, two different cells have been modeled.
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(2)

Voltage(V)

(b)

Voltage(V)

Time(s)

5
X 10

Redistribution and self-discharge open circuit voltage comparison between
measured and simulated data modeled using 3 medium-long term branches: (a) 140 F

@ 2.5V cell (BCAPo140), (b) 150 F @ 2.7V cell (BCAPo150).
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(a)

Voltage(V)

(b)

Voltage(V)

Figure 3.15

Time(s)
Redistribution and self-discharge open circuit voltage comparison between

X 10

measured and simulated data modeled using 5 medium-long term branches: (a) 140 F

@ 2.5V cell (BCAPo140), (b) 150 F @ 2.7V cell (BCAPo150).

The coefficient of determination, R?, as a measure of the goodness of the fit, and the

parameters of the three medium-long term branches were evaluated and collected in Table

33

Table 3.3.

R’ considering measured and simulated open circuit voltages.

Coefficient of
Ry R G G Rieak determination R
(@] | [kQ] | (mQ] | [F] | [kQ]
BCAP0140 1854 | 4.5 13.9 14.7 | 64.04 0.8625
BCAP0150 72.5 | 3.18 35.5 20.8 | 47.8 0.9136

Parameters of three medium-long term branches and coefficients of determination,
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The data collected in Table 3.4 show the approximation done with 5 medium-long
term parallel branches. It is clear in this way that the R* coefficient of determination is
better and very close to 1, but the compromise between the accuracy and model
complexity depends on the application needs. The possibility to improve the accuracy
independently from the cell topology merely by using a different choice of parallel
branches is surely a strong benefit in modeling the device.

Table 3.4. Parameters of five medium-long term branches and coefficients of determination,
R’ considering measured and simulated open circuit voltages.

R, R, R, Rs C, G Cy Cs Rieur Coefficient of

[©] | @] [k |(kQ] | [F] | [F] | [F] | [F] | [k | determination R’
BCAP0140 80.6 | 587.1 | 3.84 | 3.07 8.7 8.4 9.0 7.9 10.3 0.9911
BCAPO0150 284 | 3299 | 3.07 | 124 | 247 | 149 | 11.2 | 19.5 | 742 0.9723

In order to further validate the parameter identification procedure, in Figure 3.16
comparison between the measured and simulated open circuit voltages of the two devices
for an observation time of 1.7 x 10° s, an order of magnitude lower than the previous case, is
reported. In this case, the same procedure considering 3 medium-long term parallel
branches, leads to different parameter values as the coefficient of determination, R
collected in Table 3.5. By reducing the observation time, the number of parallel branches

needed to correctly model the device with high accuracy is consequently lower.
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Figure 3.16

Table 3.5.
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(@)

Voltage(V)

(b)

Voltage(V)

Time(s) <10t
Redistribution and self-discharge open circuit voltage comparison between
measured and simulated data modeled using 3 medium-long term branches and
considering time window of 1.7 x 10’ s: (a) 140 F @ 2.5 V cell (BCAPo140), (b) 150 F @
2.7V cell (BCAPo150).

Parameters of five medium-long term branches and coefficients of determination,
R’ considering measured and simulated open circuit voltages.

R, Rs G Cs | Riear Coefficient of

[Q] | [kQ] | [mQ] | [F] | [kQ] determination R*
BCAP0140 111.0| 1.23 | 107 | 11.5 | 203 0.9920
BCAP0150 41.7 | 0.87 | 28.6 | 163 | 13.1 0.9613
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4. MODEL VALIDATION

In order to demonstrate the effectiveness of the supercapacitor model introduced in
chapter 3, a general discussion, supported by an experimental analysis, will be reported in
the following. In particular, an analysis will be made of the accuracy of the model in
simulating, not only the dynamic of the device, that is the voltage vs. current profile, but
also its macroscopic performances such as the device efficiency and specific energy vs.
specific power. Finally, a discussion regarding the correlation between model parameters
and device performances, which will be useful to understand the physics of the device, will

be presented.

4.1. DYNAMIC ANALYSIS
First, the suitability of the model will be proved by analyzing its ability to simulate

the supercapacitor dynamic when the device is cycled with different current profiles. In
particular, the supercapacitor cells were charged and discharged with a set of different
current values in order to change the dynamic of usage, verify the absence of non-linearity
according to the current injected, and, consequently, prove the model validity in this wide
range of operating conditions.

A pulse load condition was used for the tests. Using a controlled DC source,
EA-PSI 8240-170, and a controlled electronic load, EA-EL 9400-150 (Figure 4.1), a pulsing
current of different values was injected into the supercapacitor cells, and the measured

terminal voltage was compared with the simulated data.

Figure 4.1 Test equipment: a contr our I 8240-170 and a controlled electronic
load EA-EL 9400-150. The equipment is controlled via interface cards with a control
program written in Labview environment.

The working cycles are characterized by different values of constant current during

the charging and discharging phases, so that the cell is cycled in different dynamics:
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because the same maximum and minimum voltage limits are considered, the cells are
charged and discharged in different time intervals.

In Figure 4.2 different comparisons between the simulated and measured voltages,
according to the different values of pulsing current injected in the Maxwell supercapacitor
cell of 140 F @ 2.5V, are reported. To evaluate the correspondence between the simulated
and experimental data, the coefficient of determination, R* was evaluated. Its definition is
as follows:

é j(Yj,ex -y j,maar)2
é.i(Yj,ex - Vex)z

where suffixes ex and mod refer to experimental- and model-based data, respectively, and

R*>=1- (4-1)

the mean value is indicated with an overbar.
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Figure 4.2 Comparison between measured and simulated cell terminal voltages under different

conditions of injected current: (a) 10 A, (b) 20 A, (c) 60 A, (d) 110 A. The cell under

consideration is a 140 F @ 2.5V - BCAPo140 cycled between the nominal voltage and
its half.

Similar results are reported in Figure 4.3, where the cell being analyzed is a Maxwell
supercapacitor cell of 150 F @ 2.7 V. It can be seen that the internal resistance of the device
significantly influences the total exchangeable energy when the device is cycled between
fixed voltage limits, as shown in Figure 4.2(d) and Figure 4.3(d). At high current, in fact,
the terminal voltage is subjected to a high voltage drop that is comparable to the voltage
variation admitted for a supercapacitor device, which is between the nominal voltage and
its half. Consequently, the real exchange of energy is related to a very reduced voltage

range.
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Figure 4.3 Comparison between measured and simulated cell terminal voltages under different

conditions of injected current: : (a) 10 A, (b) 30 A, (c) 60 A, (d) 110 A. The cell under
consideration is a 150 F @ 2.7 V - BCAPo150 cycled between the nominal voltage and
its half.

The experimental data of Figure 4.2 and Figure 4.3 show how the cells are charged
and discharged repetitively for four complete cycles, after which the current is set to zero.
In all operative working conditions, in both high dynamic and slow dynamic operations, as
well as when the current is set to zero at the end of the four cycles, the agreement between
the simulated and measured data is evident. This indicates the ability of the model to
simulate the device dynamic in terms of equivalent voltage at the cell terminals, but does
not imply the ability of the model to simulate either the device performances in terms of

the specific energy density versus power density or the ability to simulate the device
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efficiency. These aspects are taken into account in the following in order to prove the

suitability of the model.

4.2. RAGONE PLOT ANALYSIS

An ideal storage device has a specific energy that is independent of the specific power
with which the device is charged or discharged. Due to the internal resistance of
supercapacitors and the electrochemical behavior of the electrolyte, in practice, it is
impossible to use the full store of energy. This is especially true with an increase in the
specific charge or discharge power. Supercapacitor devices are normally operated between
the nominal voltage and half this value in order to use, in the case of an ideal capacitance,
75% of the stored energy. As reported in Figure 4.4, the presence of the internal resistance
primarily causes a voltage drop directly proportional to the current flowing. Thus, with the
same maximum and minimum voltage limits, a lower energy can be used. In addition, due
to the electrolyte mobility, the equivalent capacitance of a supercapacitor, as reported in
chapter 3, is strictly related to the frequency with which the device is charged and
discharged. In practice, increasing the dynamic of use, which means increasing the
operating power of the device, a lower equivalent capacitance is available, which causes a
lower usable specific energy. For these two reasons, the specific energy decreases with an
increase in the specific power. It is important to emphasize that the effect of the internal
resistance in reducing the specific energy is strictly related to a certain amount of energy
wasted on it, while the effect of a reduced internal capacitance with frequency causes a
reduction in the specific energy because the device is not able to deliver that energy, which
remains trapped in it but is not wasted. The global effect at the device terminals is a
combination of these phenomena, which is particular evident in Figure 4.2-(d) and Figure
4.3-(d), where the supercapacitor devices are cycled with high current rates. In these
figures, considering the fourth cycle when the cell is charged for the last time, it can be
noticed that the voltage, due to the high voltage drop on the internal resistance, after
reaching the nominal value (2.5 V in Figure 4.2-(d) and 2.7V Figure 4.3-(d)) falls to
approximately 2 V as soon as the charging current is set to zero. For the same reason, in
the consecutive discharge phase, a significant voltage drop down to 1.2 V is measured, and
the device delivers energy in a relatively short time, until the voltage decreases to 1V,
which is the voltage limit for that cycle. As soon as the discharge current is again set to
zero, the terminal voltage increases to approximately 1.7 V. This means the device again
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has a certain amount of energy stored in it. Yet, this is cannot be delivered with a high
dynamic because of the high voltage drop and the fact that the equivalent capacitance in
that condition is significantly lower.

At this point, the supercapacitor performances are experimentally evaluated in order
to draw the well-known Ragone plot. This diagram is normally used to compare different
storage technologies in terms of specific energy versus specific power. In a sense, the
diagram provides information regarding the amount of energy the storage device is able to
deliver when operated with a specific power. Generally, the curve is normally plotted as
the area in which the device can operate. However, in reality, the curve is well defined and
shows the dynamic performances of the device.

In order to correctly draw the Ragone plot, the device has to be charged or
discharged using different values of constant power, according to the operating voltage
limits and, for each experiment, the total absorbed or delivered energy has to be
computed. In Figure 4.4, using the same test equipment as shown in Figure 4.1, an example
is reported of the measured voltage profile (from 2.5V down to 1.2V) of the Maxwell

supercapacitor cell of 140 F @ 2.5V discharged with a constant power of 40 W.
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Figure 4.4 Measured voltage profile on Maxwell supercapacitor cell of 140 F @ 2.5 V when

discharged at constant power of 40 W.

In Figure 4.5 the measured and simulated Ragone plots of two supercapacitor devices
are reported. The two cells are the Maxwell supercapacitor cell BCAPoi40 (140 F @ 2.5 V
nominal voltage) and the BCAPoi50 (150 F @ 2.7 V nominal voltage) with weights of 29 g

and 35 g, respectively.
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It is important to note that the typical energy densities that supercapacitors are
capable of delivering and are normally reported in the literature are really exploitable at a
specific power of up to 1 kW/kg. Greater specific power values cause significant decreases
in the usable energy. In fact, with a value of 4 kW/kg as the specific power in discharge,

the usable energy is about halved.
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Figure 4.5 Comparison between measured and simulated Ragone plots on two Maxwell

supercapacitor cells: BCAPo140 (140 F @ 2.5 V nominal voltage) and BCAPo150 (150 F @
2.7 Vnominal voltage).

Figure 4.5 shows the ability of the model introduced in chapter 3 to simulate the
dynamic performances of the supercapacitor cells over the complete operating range for
these devices. This shows the value of the model and simplified parameter procedure that
was introduced because the macroscopic quantity can be correctly evaluated, avoiding the

need for measurements that require specific laboratory equipment.
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4.3. EFFICIENCY ANALYSIS

The last aspect considered in this set of experiments is the ability of the model to
correctly simulate the efficiency of supercapacitor devices.

This aspect has a double valence because it not only represents the ability of the
model to simulate another macroscopic physical quantity, but also means that the losses
inside a supercapacitor are all related to the joule losses that are taken into account by the
resistive elements of the model.

In addition, the availability of a model that is able to correctly simulate the device
efficiency is very useful in all operating conditions under which control strategies have to
be set in order to minimize the overall storage losses.

In order to accomplish this, starting from the same analysis reported in paragraph
4.1, in which the supercapacitor devices are cycled under different dynamic conditions
with different values of injected current, the experimental efficiency is computed as the
ratio between the total delivered energy and total absorbed energy, taking into account the
energy variation between the initial and final time instants of the cycle in the analysis.

In the simulation, the device is operated with the same experimentally measured

current profile, and the device efficiency is calculated as:

WDU[’

W, +DW

where:

(4.2)

Woue is the total delivered energy by the supercapacitor device;

Wi, represents the total energy injected in the supercapacitor device;

AW  is the variation in the stored energy between the initial and final time
instants of the cycle.

It should be noted that AW is a corrective term that has been introduced to take into
account the fact that the device is not at the same voltage, and consequently at the same
energy, between the initial and final time instants of the considered cycle.

In Figure 4.6 the measured efficiencies of the two Maxwell supercapacitor cells

(BCAPo140-140F@2.5V and BCAPo150-150F@2.7V) are compared with the simulated ones.
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Figure 4.6 Comparison between measured and simulated efficiencies of two Maxwell

supercapacitor cells when cycled at different values of constant current in charge
and discharge phases. The devices considered are the BCAPoi4o (140 F @ 2.5 V
nominal voltage) and BCAPo150 (150 F @ 2.7 V nominal voltage).

It is important to note that there is no clear linear tendency for the measured
efficiency versus the constant current values used in the charge and discharge phases
because the control logic of the test equipment used is not able to guarantee the
repeatability of the different cycles with which the device is operated. Especially at high
current rates, as can be seen in Figure 4.2 and Figure 4.3, the voltage control loop of the
test equipment is not sufficiently quick, causing variations in the voltages limits under
which the cell is operated. This changes, in a sensible way, the boundary condition under
which the device is operated with a certain value of cycle current compared to a different
value. However, it is important to note the accuracy of the model in simulating the device
efficiency.

Having proved this ability of the model, the efficiencies of supercapacitor devices are
simulated as a function of the specific power with which the device is operated. In
particular, two operative working conditions are considered: first the device is operated
with continuous charge and discharge cycles without any time interval at zero current
between the different charge/discharge phases (Figure 4.7 (a)). Then, the power cycle is
operated with the same power values during the charge/discharge phases, but, between
them, a time interval of 30 s at zero current is considered in order to verify the effect of

redistribution and self discharge on the device efficiency (Figure 4.7(b)).
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Figure 4.7 Reference power cycle: (a) without any time interval at zero current between charge
phase and consequential discharge one, (b) with time interval of 30 s.

In particular, as shown in Figure 4.7, 14 complete cycles at constant power are
considered, and the simulations are conducted in order to operate the device with the
same voltage limits, which are the nominal voltage and half this value. The results for the

simulated efficiency are reported in Figure 4.8.
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Figure 4.8 Simulated efficiency of two Maxwell supercapacitor cells cycled at different values of

constant power with same fixed voltage limits (nominal voltage and its half) for
different cycles. The devices considered are the BCAPoi4o (140 F @ 2.5 V) and
BCAPo150 (150 F @ 2.7 V). (a) Simulated efficiency according to the power profile of
Figure 4.7(a), (b) Simulated efficiency according to the power profile of Figure 4.7(b).

As shown in Figure 4.8 the supercapacitor efficiency is strictly related to the dynamic
of usage. In the typical specific power of usage (0.5-4 kW/kg), the efficiency varies in the
range of 0.65-0.95. It is important to underline how the redistribution and self discharge
significantly affect the device efficiency. In Figure 4.8(b), where the device, in order to
emphasize the redistribution and self discharge phenomena, is cycled between the
nominal voltage and its half with a time interval of 30 s at zero current, the supercapacitor
efficiency is about 10% lower than the value obtained when the device is cycled

continuously without the rest period (Figure 4.8(a)). This aspect is related to the energy
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wasted on the modeled resistance elements of parallel branches when the redistribution
takes place. The availability of the complete model, capable of representing the self
discharge and redistribution phenomena, provides another important key aspect to also
correctly simulate the supercapacitor performances under the efficiency profile.

By increasing the specific power, the efficiency values (Figure 4.8(a) vs. Figure 4.8(b))
tend to overlap. As shown in Figure 4.5, under these conditions, the usable energy
continues to decrease, which means the effective voltage variation on the capacitive
elements of the first branch of the model (Figure 1 in chapter 3) is reduced and
consequently, the redistribution phenomenon and its negative effect on the device

efficiency are strongly reduced.

4.4. MODEL SCALABILITY

In order to prove the generality of the model, comparisons between the simulated
and measured data were conducted, not only at the cell level, but also at the model level.
In particular, the experimental data reported in the following were taken, not directly from
the Electrical Department of the Politecnico di Milano, but from ENEA-the Italian
National agency for new technologies, energy, and sustainable economic development.

The activity involves a supercapacitor module, whose specifications are reported in
Appendix 7.1, which is characterized by a nominal capacitance of 63 F and a nominal
voltage of 125 V. This module, designed for stationary and traction applications, consists of
a series connection of 48 elementary cells of 3000 F @ 2.7 V (Maxwell BCAP3000). The

module parameters used for the simulations are reported in Table 4.4.

Table 4.4. Model parameters of supercapacitor module: Maxwell BMODo0063 (63 F @ 125 V),
considering equivalent electrical model of Figure 3.1 with only three branches.
Ri Rl C() kC RZ CZ R3 C3 R/eak
[mQ] [mQ] [F] [F] (€] (F] (k] (F] [kQ]
BMODO063 | yy g7 | 127 | 454 | o156 | 24 | 254 | 45 | 723 | 185
module

In particular, the activity conducted by ENEA had the aim of characterizing the
module for vehicular application. To this end, different tests were performed according to
the FreedomCar Ultracapacitor Test Manual [1], which defines a series of tests to
characterize aspects of the performance or life behavior of supercapacitors for hybrid

electric vehicle (HEV) applications.
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Among the different tests Figure 4.9 and Figure 4.10 report the current profile used to

characterize the module and verify its performances during the current discharge and

charge profiles.
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Figure 4.9 Discharge pulse current characterization profile.
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Figure 4.10

Charge pulse current characterization profile.

The current profiles are listed according to the data in Table 4.5(a) for the discharge

characterization and in Table 4.5(b) for the charge characterization.

Table 4.5.

Supercapacitor module pulse current characterization profile. The cycle described is

repeated consequentially three times with different values of t*: 5s, 10s and 15s.
(a) Pulse discharge profile, (b) Pulse charge profile.

(a) Current discharge profile (b) Current charge profile
Time increment Current Voltage Time increment Current Voltage
[s] Value Value [s] Value Value
30 0 T U, 30 0 Tnax U,/2
t* -0.5 - Toax Not controlled t* 0.5 - Inax Not controlled
30 0 - Loax Not controlled 30 0 - Lpax Not controlled
to reach U, 0.05 - Tnax U, to reach U,/2 -0.05 - Lyax U,/2
30 0 - Loax Not controlled 30 0 - Lpax Not controlled
t* -0.75 * Tpax Not controlled t* 0.75 - Lnax Not controlled
30 0 - Loax Not controlled 30 0 - Lpax Not controlled
to reach U, 0.05 - Tnax U, to reach U,/2 -0.05 - Lyax U,/2
30 0 - Loax Not controlled 30 0 - Lpax Not controlled
t* -1 - Tax Not controlled t* 1 Toax Not controlled
30 0 - Loax Not controlled 30 0 - Lpax Not controlled
to reach U, 0.05 - Tnax U, to reach U,/2 -0.05 - Lyax U,/2
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The simulation results and the comparison with the simulated data are reported in
Figure 4.12 and Figure 4.13. It is also evident in these simulations that the model is able to
correctly simulate the device dynamic under both charge and discharge conditions, as in

the low and high dynamic (the correlation factor is higher than 99%).
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Figure 4.11 Comparison between measured and simulated module terminal voltages when
discharging current profile of Figure 4.9 is applied. The module under consideration
is a 63 F @ 125 V-Maxwell BMODo0063.

o 1Measured Data 1 R

\Simulated Data_ | R'=0.9994

owof[~~"~"~"~"~"“~"~"~~“~"“~"“~"“~"~"“~"~"~“",~ "~~~ "~ —"—" """~ """ °—°-7=°7° -
>
Y]
on |
3
= |

2000
Time(s)

Figure 4.12 Comparison between measured and simulated module terminal voltages when

discharging current profile of is applied. The module under consideration is a 63 F @
125 V-Maxwell BMODo0063.

Under the working conditions considered, the comparison between the simulated

and measured efficiency, Table 4.6, again shows the validity of the model.

Table 4.6. Comparison between measured and simulated efficiency of the Maxwell module
BMODo063 cycle according to the current profile of Figure 4.9 and Figure 4.10.

(a) Current discharge profile (b) Current charge profile

n measured n simulated 1 measured 1 simulated

93.3 93.8 93.0 93.4

To complete the dynamic investigation of the module, Figure 4.15(a) shows the
simulated efficiency, considering both continuous charge/discharge cycles and a rest

o1
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period of 30 s between consecutive charge/discharge phases. Figure 4.15(b) shows the
Ragone plot. In order to compare these results with those of the cells reported above, the
specific power is calculated considering the total cell mass of 24 kg as a reference rather

than the module mass of 59.5 kg. The difference is the result of the module’s external case.
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Figure 4.13 Dynamic performances of Maxwell supercapacitor module BMODoo063 (63 F @ 125 V).
(a) Module efficiency versus specific power, (b) Ragone plot.

Comparing the module results, based on the 3000 F @ 2.7 V cell, it is evident that the
system efficiency is very close to that of the cells, 140 F @ 2.5 V and 150 F @ 2.7 V.

Regarding the Ragone plot, the larger cells are characterized by higher values of specific

energy: 5.2 versus 3 Wh/kg.
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4.5. TECHNOLOGY COMPARISON AND RELATIONS WITH THE
MODEL PARAMETERS

Another important aspect of the introduced model is the ability to relate its
parameters, which can be determined without performing the full frequency response of
the device, to specific performances.

In order to accomplish this, from the analysis of Figure 4.14 and Figure 4.15,
previously plotted in chapter 3 and reported again for a better exposition, a comparison
between the supercapacitor cells of 140 F @ 2.5 V (BCAPoi40) and 150 F @ 2.7 V
(BCAPo150) is based on an analysis of their frequency response. It should be noted that the

150 F cell represents the evolution of the old 140 F version.
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Figure 4.14 Comparison between measured and modeled frequency responses by least square

minimization of 140 F @ 2.5 V Maxwell supercapacitor (BCAPo140) cell at three
different polarization voltages: o, 1.35, 2.5 V. (a) capacitance and (b) resistance.

Analyzing the trend of capacitance versus frequency, it is clear how the new cells are
characterized, for the same frequency values, by higher capacitance values. In addition, as
can be noticed, the measured equivalent capacitance in the new cell starts to decrease
toward zero for higher frequencies compared to the old cell version. It is clear that there is
an improvement related to this aspect, as, analyzing the trend of the measured equivalent
resistance, it can be noted how the 150 F cell is characterized by higher values of internal

resistance, especially at high frequency.
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Figure 4.15 Comparison between measured and modeled frequency responses by least square

minimization of 150 F @ 2.7 V Maxwell supercapacitor (BCAPo150) cell at three
different polarization voltages: o, 1.35, 2.7 V. (a) capacitance and (b) resistance.

Studying (4.3), which is the transfer function used to model the high dynamic of
supercapacitors, i.e., for frequencies greater that 100 mHz, it is possible to relate the knee
of the capacitance trend to parameter .

R : _t xoth{{jwx )
JW—>C>coth(1/]W>§R>C)— CX\/jWI

In particular, at the angular frequency equal to the inverse of t the module of the

Z,(jw) = (4-3)

Bode diagram of the transfer function (4. 3) has a change in slope from -20 dB/dec to -10
dB/dec, while the phase changes from -90° to -45°. Considering the capacitance, this
means that, at an angular frequency equal to the inverse of 1, its value changes from 97.8%
of the DC value down to the 46% a decade later.

Remembering the expression of t in (4. 4), where C and R, are respectively the values
of DC capacitance and resistance and R; is the value of high frequency resistance, it is clear
how the knee of the capacitance trend is strictly related to specific parameters.
t =3>C>(R1- R)) (4. 4)
It is possible to state that to increase the dynamic of the device with a rated

capacitance C, it is necessary to design a cell with a low value of t. Thus, it is necessary to

reduce the difference between R, and R;.

Table 4.7. First branch parameters and influence on time constant t(u) for two supercapacitor
cells: BCAPo140 (140 F @ 2.5 V, old version) and BCAPo150 (150 F @ 2.7 V, new version).
l]n Rl R] C T
[V] [mQ] [mQ] [F] [s]
BCAP0140 2.5 4.6 8.2 100.9+13.1-v | 1.09+0.14-v
BCAPO 150 2.7 6.5 7.4 107.3+11.2-v | 0.29+0.03-v
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From Table 4.7, as from Figure 4.14 and Figure 4.15, it is clear that in the new cells,
the difference between these resistances has been reduced by increasing the high
frequency resistance, R;. This explains why the supercapacitive effect extends to higher
frequencies in the new cells. However, the increase of R; implies a higher voltage drop
during a fast transient, as shown in Figure 4.2(d) and Figure 4.3(d).

Surely in order to increase the dynamic response of the device at an equal
capacitance, it is better to reduce the difference between R, and R; by reducing the value of
DC resistance, because in this way, not only are the dynamic performances of the device
increased, but so is the device efficiency. Comparing the two analyzed cells in Figure 4.8 it
is evident that the two cells have similar efficiencies when cycled at a low power value,
which is at a low dynamic, but this gap increases in cycles at high power. This is strictly
related to the fact that the new cell version has, in the entire frequency range considered,
an internal resistance that is greater than the old version, and the relative difference
between these resistances is greater at high frequency. It must be pointed out that typical
supercapacitor applications are characterized by minimum charge/discharge cycles of
several seconds. Thus, it is comprehensible for the manufacturer to try to increase the
supercapacitance in a frequency range up to 1-2 Hz in order to better exploit the full
capacitance, even if this affects the efficiency performances. It is also important to
underline that in a high dynamic application, where it is not typically necessary to use the
full capacitance and the efficiency is an important aspect, it is better to choose
supercapacitor devices with a low value of internal resistance at a high frequency, R;, such
as the old version cell, BCAPo140. From a physical point of view, resistance R; is more
related to the behavior of the electrode in terms of the conductivity and geometry of the
pores, while resistance R, is more related to the behavior of the electrolyte. To improve the
dynamic of the device and its efficiency, both aspects have to be considered.

From Table 4.7, it can also be noted that the new cell is characterized by a higher
value of capacitance, which is mainly due to the fact that the new cell is characterized by a
higher nominal voltage (2.7V vs. 2.5V). However, as the 150F cell has a greater mass than
the 140F cell (35 g vs. 29 g), this adversely affects the new version cell when the
performances are compared by weight (Figure 4.5). Increasing the capacitance can be
achieved by increasing the equivalent surface area and/or the operating voltage, which

means acting again on the electrolyte behaviors.
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5. MANAGEMENT AND INTEGRATION OF DIFFERENT
ENERGY STORAGE DEVICES

As introduced in chapter 1, the potential benefits in today’s applications arising from
the use of energy storage devices are more and more achievable by the use of an integrated
energy storage solution. From the experimental analysis conducted in chapter 4, it is
evident that the storage performances have to be fully considered in order to achieve an
optimal integration. In fact, it can be said that each storage device is characterized:

by a specific power and energy according to the Ragone plot;

by a typical dynamic response during the charging and discharging phases;

by redistribution and self discharge, which are particularly evident in a very low
dynamic of usage;

an efficiency that is strictly related to the dynamic of usage.

This means that, in order to fully exploit the technical performances of a storage
device, and consequentially reap the greatest number of economic benefits, the
specifications of the application have to very closely match the storage performances. As
shown in chapter 1, there is a large number of applications in which the storage
requirements cover a wide range in terms of specific energy and power, with an evident
impact on the device dynamic, efficiency, and real percentage of utilization.

This is true in all applications, ranging from a grid toward industrial applications,
including the transportation sector. For example, considering the electric service power
quality function in a grid application [1], an energy storage system (ESS) makes it possible
to avoid supply interruptions caused by short duration events. These events, which affect
the level of power quality in terms of voltage sags, frequency variation from the nominal
value, harmonics, and short interruptions, require energy storage in the range of several
seconds up to 1 minute.

Considering electric and hybrid vehicle requirements [2], it can again be seen that a
storage system has to realize an energy mission as a power mission. The power mission is
required in order to realize the peak shaving function during the accelerating and braking
(energy-recovering) phases, while the energy function is required in order to guarantee the
vehicle autonomy. In relation to this distinction, it is clear that the required cycle life
regarding the frequency of the charge/discharge cycle of the power mission is much higher

than the energy mission (300.000 vs. 1000 cycles).
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From all of these considerations, it appears evident that there is no unique storage
technology capable of fulfilling the different requirements, which is increasingly true if the
sizing of the storage system takes into account a correct optimization in terms of total
system efficiency, cycle life, and maximization of the storage utilization, in terms of both
the energy and power.

The benefits arising from a hybrid storage system are related to the possibility of
extending the storage performances by merging the single device performances into a
unique solution.

In order to accomplish this, the use of electronic power converters is required to
match the different voltage levels between storage devices. Even more important is the
availability of adequate control strategies that are able to guarantee the correct action of
each storage device according to the objective function to be realized. The goal of the
integration, in fact, can be addressed as different object functions:

maximization of the efficiencies of the storage devices during operation;
maximization of the recovering energy function;

increasing the power level quality for the load and/or main source;

peak shaving function;

increasing the storage cycle life;

downsizing the storage device.

The control algorithm plays an important role in this. It is evident that the different
object functions are not completely unrelated, because the focus on a specific function can
totally or partially influence other potential benefits arising from the integration. In the
following, a theoretical approach to the two specific control strategies developed is first
presented in order to:

1) increase the power quality level on the DC bus interconnection of different
electrical energy storage devices;

2) minimize the total losses of the integrated electrical energy storage devices during
operation.

Furthermore, these control strategies are supported by an extended experiment to
investigate the multiple benefits of using a specific control algorithm for the global storage

device performances.
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5.1. SYSTEM LAYOUT

The general framework in which the control strategies are applied is reported in
Figure 5.1. The system consist of n storage devices that are all connected to the same
system’s DC bus by means of appropriate DC/DC electronic power converters in order to
match the storage device voltages and control the power flows independently. In addition,
the active loads are connected to the same system bus, schematically grouped as a
centralized equivalent load and external energy source. In principle, this source is any
energy source (i.e., electrical grid, combustion engine, renewable...) that is able to deliver
the mean power requested by the loads. No direct control is exerted on the external energy
source by means of the control algorithm, which can directly act only on the DC/DC

power converters. Thus, it can be excluded from the scheme for the control strategy

implementation.
- - 1
} External Energy } Storage Storage Storage
| Source | 1 2 n
| ‘
|
Power — — — DC/DC
flow - - | Converters
- - —
DC Bus
Equivalent Active
DC Loads
Figure 5.1 General layout considered for analysis of energy storage control algorithms.

In the general approach, the number of electrical storage systems is n and any
technology can be considered, but the knowledge of an adequate model for the storage
devices involved, in particular for the losses minimization algorithm, is a necessary
condition to correctly implement the control strategies. For these reasons, the following
approaches focus on the correct integration of a storage technology that has been
thoroughly investigated [3-6], lead acid batteries, with the supercapacitor technology
widely analyzed in the previous chapters.

In addition, the reason for the choice of the lead acid and supercapacitor
technologies is strictly related to their dynamic performances. In Figure 5.2, where the

Ragone plot is reported, it is evident that supercapacitors very thoroughly cover, from a
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dynamic point of view, the specific power range of 10*-10> kW/kg, which is a region where

lead acid batteries show a consistent reduction in performance in terms of specific energy.
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Figure 5.2 Ragone plot of two technologies considered in system layout: lead acid and
supercapacitor.

The experimental analysis reported in chapter 4 showed that the device efficiency is
greatly reduced, by 50% or more, when the electrical storage devices are used in a dynamic
condition over the knee of the Ragone plot. In all of the applications, as electrical traction
or electrical service power quality functions, where the storage is used with specific power
values in the range of 10' kW/kg up to 10°> kW/kg and more, the benefits arising from the
correct integration of the energy oriented storage device (lead acid battery) with the power
oriented one (supercapacitor) can be maximized in order to reduce the overall system

losses and exploit the full performances of the two devices.
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5.2. POWER QUALITY INCREASING CONTROL STRATEGY

With reference to Figure 5.1, the proposed control strategy aims to improve the
power quality level on the DC bus in terms of voltage variation according to the different
load conditions for the requested or regenerated power.

In addition, this strategy aims:

1) to shave the power supplied by the external energy source,
2) to keep the state of charge of each storage device near a reference value,
3) to realize a fully plug and play storage system.

In order to accomplish this, the correct implementation requires, in addition to a
knowledge of the typical dynamic fluctuation of the power requested by the loads, the
maximum dynamic the external energy source can follow and the desired dynamic with
which it has to operate. With this information, it is possible to select the correct storage
units in terms of technology (i.e., strictly related to the specific energy and power) and
size. In fact, limiting the dynamic of the external energy source means that the higher
dynamics requested by a load have to be satisfied by the storage units, in terms of both
energy and power. To do this, the storage units have to be able to supply the power
quicker than the external source. Thus, it is necessary to act on the bandwidths of the
controllers of the different interface converters and set these bandwidths compliant with
the typical dynamic that each storage unit can follow. This means setting each controller
with a lower or comparable bandwidth despite the maximum allowable or desired
bandwidth with which each storage device has to charged and discharged. In this way,
each storage unit works in its optimal dynamic condition; in particular, faster control will
be applied to the power oriented storage, while slower control will be applied to the more
energy oriented one. The remaining dynamic, the slowest one, will consequently follow the
external energy source. In tuning the regulators, it is necessary to separate the dynamics of
the different converters in order to avoid oscillations in the power exchanged between
them.

In order to maintain the desired state of charge in the storage units, it is necessary to
provide feedback to the control about the actual state of charge. In particular, each storage

unit will try to place on the DC bus a voltage that is a function of its own state of charge:

Udc,ref = Udc - k(Qstorage,ref - Qstorage,meas) (5‘ 1)
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where ref and meas refer to the reference and measured values, respectively. Moreover, V
"1 indicates the DC reference voltage of the storage interface converter, and Q refers to the
state of charge. At a steady state, if the state of charge of one storage unit is lower than the
desired value, the DC voltage reference of this storage unit is reduced and, consequently,
an amount of power is drawn from the DC bus to recharge the unit. In this way, the
control system automatically maintains the state of charge of the storage unit around the
desired value. Moreover, from (5. 1) it is clear that the reference voltage for each storage
unit is obtained using only the DC bus voltage and state of charge. No external
information or coordination between the units is needed. This feature makes it possible to
add and substitute storage units without modifying the system. A fully plug and play
structure is, therefore, obtainable. This structure can easily be updated if the network
characteristic changes with the introduction of new loads or generation units.

In Figure 5.3 the scheme of the control chain of the DC/DC interface converter for

each one of the storage system is reported.

I

J- storgae, meas

Qmeas * N H
o .

Q ref

converter—* DC bus >

Figure 5.3 Scheme of control chain of DC/DC interface converter for each storage device
reported in Figure 5.1.

The control chain consists of two main control loops: an internal current control loop
and an external voltage control loop. The measured state of charge, Qmeas, is calculated as
the difference between the initial state of charge and the charge reduction calculated as
the integral of total net delivered current. Generally, this expression is not always correct,
especially for electrochemical batteries. However, there are some techniques that allow the
accurate estimation of the state of charge [7-8]. In contrast, supercapacitors do not suffer
from this problem because of the strict relationship between the state of charge and
terminal voltage.

The tuning of the regulators has to be set as follows:
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1) the current PI regulator is tuned with the highest possible bandwidth compatible
with the switching frequency, i.e., one decade lower than the converter switching
frequency;

2) the voltage PI regulator is tuned with a bandwidth such that the device operates
with the desired dynamic. Specifically, the voltage bandwidth has to be at least a
decade lower than that of the current loop;

3) the voltage PI controllers of the converters are tuned with bandwidths that are at
least one decade apart in order to avoid power oscillations between different
storage units;

4) the state of the charge proportional regulator is tuned to the ratio between the
maximum allowed state of charge variation and the maximum desired dc voltage
variation.

The proposed control strategy, despite the information introduced in the next
paragraph, has the peculiarity that no information regarding the equivalent electrical
model of the involved storages is needed. It is necessary to have information about the real
behaviors of the storage devices, particularly regarding the dynamic performances and
maximum allowable bandwidth in terms of the charging and discharging rates. This is
surely a strong point for realizing a plug and play solution.

It is evident that the proposed control strategy does not increase the voltage
fluctuations on the DC bus. However, in addition, a peak shaving function for the main
source is realized, because the dynamics higher than the desired one for the external
energy source are controlled by the storage units, starting from the energy oriented units
toward the power oriented ones for the higher dynamics. It is clear that, in this way,
another collateral benefit is related to the possibility of using different storage units with
the proper dynamic in order to increase their specific usable energy, efficiency, and
lifetime. These aspects will be particularly analyzed in section 5.5, where the experimental

results are reported.
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5.3. LOSSES MINIMIZATION STRATEGY

With reference to Figure 5.1, the proposed minimization algorithm focuses on the

analysis of the system in Figure 5.4.

lead-acid supercapacitor
battery
— — DC/DC
. | Converters
DC Bus
Equivalent Active
DC Loads
Figure 5.4 System layout considered for loss minimization algorithm consisting of integration

of two different storage technologies

In the scheme of Figure 5.4, the two storage devices are unique energy sources that
are able to supply the DC loads under all dynamic operating conditions. An algorithm for
loss minimization is introduced, starting from the description of the electrical models

used.

5.3.1. ELECTRICAL STORAGE SYSTEM MODELS

Lead acid batteries

The lead-acid battery has been modeled as a voltage source in series with the internal
resistance, R.p, and with two R-C branches that approximate the dynamic behavior of the
battery Figure 5.5 [6]. ]. Generally, the emf values of E, depend on the state of charge

(SoC) of the battery, according to the relationship in (5. 2) [6].

R1b sz

C RD b A ib
uy ¢ Usp -
C b Czb

+ 1

E (s00) <> Up

Figure 5.5 Lead acid battery equivalent model.
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E_=E_ -K;(273+J)(1-SoC), (5.2)
where:

J: the electrolyte temperature measured in Celsius;

Kz: a constant thermal coefficient;

SoC:  state of charge.

According to [6], this model is not able to take into account the parasitic effects of
the water electrolysis that occurs at the end of the charging process. This approximation
can be done because it is well known that lead acid batteries have a charge efficiency close
to 1 when the battery voltage is lower than 2.3 V per cell. The parasitic branch at terminal

C-B of Figure 5.5 can be neglected without losing generality in the proposed algorithm.

Supercapacitor

The electrical equivalent model introduced in chapter 3 is used, Figure 5.6,
considering three parallel branches: the first one represents the fast dynamic of the device,
the second one is the redistribution phenomenon “R,” and the last one is the self
discharge, “S,” behavior of the device. It is important to emphasize that the supercapacitor
model has to take into account the redistribution and self discharge phenomena in order
to correctly implement the algorithm. As seen in the previous chapter, in fact, these
phenomena affect the device efficiency in a consistent way and neglecting them could

result in an efficiency estimation error of up to 10%.

ISC

A R;
Lisc Y iRsc Issc
UT C
R RRsc
u
Uy 1s¢ JSCT CISC RSsc
‘ uRSCT:7 CRSC
Rise uzscT Crse

Figure 5.6 Supercapacitor equivalent model

5.3.2. CONTROL ALGORITHM

The object function of the proposed algorithm is to maximize the function in (5. 3)

representing the global system efficiency.
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f:=h(1,5,T) (5.3)
which is influenced by:

I: the vector of the storage system’s currents [i, i, ... in] ;

S: the vector of the storage system’s state of charge [S, S, ... Sn]T;

T: the vector of the storage system’s temperature [T, T, ... To]".

The strategy is based on finding the optimal value, I', of the supplied/requested

current by each storage system, so that fis maximized:

h*=max,(f) (5-4)
subjected to

P

stgl

+ Pstg2 = Pload' (5 5)

Equation (5. 5) represents the active power constraint between the total power
requested and/or generated by the load and the power exchanged with the storage
systems.

In the mathematical formulation, the influence of temperature on the global
efficiency is not taken into account and, without losing generality in the approach of the
methodology, the maximization of the efficiency function in (5. 3) is addressed as a
minimization problem for the global devices losses.

Based on this, considering the circuit equivalent models of the lead acid battery in
Figure 5.5 and supercapacitor in Figure 5.6, the global losses can be written as the sum of

the energy wasted on the resistive elements:

i T1sc

f([‘x]) = Rob nl: +R1b >q12b + sz )q:-b + R >‘iz + é. (Rnsc n‘;sc)-'-RRsci;sc + RSsci;sc (5. 6)
k=1
with:

: Iy, =iy, - Cpy,
Ty =1, - Cyylty,
:

. u
. — . sc

I llsc - lsc - CRscuRsc -

- Ssc

L : : (5.7)

I lnsc - llsc - Cnscunsc
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| lec _CRsc >stRsc
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'l\ Ss¢ R

|
where the terms containing the voltage derivatives (i.e., C1u ) represent the current flowing

Rsc

in the capacitance of the parallel R-C branches of both the battery and supercapacitor.

Considering the relations in (5. 7), (5. 6) can be rewritten as:
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f([x]) = (ROb +R,, + Ry, )ib2 - Z(Rlbclbulb-‘-RZbCZbulb) + &030 + a R, _’m +
k=1 7] (5.8)
2

lescga Rnsc nsz’ nsc +R1bC2M1b +R C2 qu +aR 2 +R C2 i uﬂ?

nsc nsc nsc Rsc RS(’MRS(’
k=1 %] k=1 Sse

In order to minimize the total losses, the control variables with which it is possible to act
by means of the DC/DC interface converters are the two storage currents i, and is.

Consequently, the minimum of f{[x]) can be written as:

3] o, U
§(R0b +tR, + sz) 2(R1bC1b“1b +R2bC2bu1b) + a?emc + a. R, _l +@
minf’ ([x]) =min% = e u (5.-9)
lipie 1€ u 0. u
& 2§?OS + a R Cvauva - :. B 2ga anc nsc¥ nse _lvc u
é e k=1 Rsc 2[ €k=1 a Q
The losses minimization problem can, thus, be written as:
mm f(x]) = mm([x]T[Q][x] 2[x]" [b]) (5. 10)

subjected to the power constraint written in reference to the currents on the DC bus side:
W) =[4]x]- a =0 (5. 1)

where the different matrices in (5. 10) and (5. 11) are:

b =l i)

eROb + Rlb + sz 0 u
—_é p u
ol =5 R, *A R, 0
e Yok d
é R, Cpthy, + szczb”zb u (5.12)
_€ n . u
15 “&k, +anr, anCRaR *c-+éR C, u, U
& " = g ke “H
éu u,u
[4] =&~ ==
&pc Upc(

and d is the load current at the DC bus. The current constraint in (5. 11), by means of the
matrix [A], takes into account the difference in the voltage levels between the DC bus and
the storages, due to the presence of the interface DC/DC power converters. In addition, in
this analysis, their efficiency is considered equal to 1. The mathematical problem expressed
in (5. 10) subjected to (5. 1) can be solved using the Lagrange multipliers method. To
accomplish this, the Lagrangian function, containing the new variable “A”, which is

Lagrange multiplier, is introduced in (5.13).
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L([xlt )= rla]+1 alx] =
= [ [l 20 bl+t (4l ) -
The meaning of A is, in this case, the rate of change of the total losses as a function of the
current injected or supplied by the storages devices.
By imposing the gradient of the Lagrangian function equal to zero, the current values
of the storages devices that minimize the total losses subjected to the current constrain

can be determined. In particular:

12[0][x]- 2[p] +1 4] =0
L(xL1r)=0p i (5.14)
7 [4]x]- a=0
The solutions of (5.14) are shown in (5.15)
& (R, Cy i, +R, Cyity Ju, + o
o Q] %g?"“ +é1 R, >§C Gy A S ;+ kalR C, i, éu - (a quC)?OM + é R, %
delhcl,,ul,, +R, Cy iy, )ub + U (5.15)
i = ! g g 5 & 0 3
: tr [Q] g gg (U + kaz.l Rn“ %ﬂ)%CRM.uRM 5 5 p é (d ><VDC )(R + R + R )E
gdxdet[Q] (R, +R, +R, )x‘% +aR >§C iy +u“ ;+aR C, i, %u+3
. oy BRI
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where:
- él?c 0 U
Rl=¢, o] (5.16)
e Uyu

The solution of (5.14) identifies the minimum value of the Lagrange function because the

Hessian matrix of A([x],A) is positive definite and equal to:
oL ([x].1)=2[Q]>0 (5.17)

The values of currents in (5.15) those maximize the global efficiency are not able to
guarantee the desired state of charge of each storage device. According to this, in order to
avoid a trend of total discharge or charge of the different storage devices an additional
term must be included in the expression of the optimal current values. This term is
proportional to the difference between the desired S™ and the actual state of charge S of

each module, so that:

108



5. MANAGEMENT AND INTEGRATION OF DIFFERENT ENERGY STORAGE DEVICES

I:I*+I<(S*- SaCt)T (5.18)
where:

I: the vector of storage system currents solution of (5.14);

k: the proportional constant.

A

The vector of the determined current, “I,

”»

represents the reference currents of the
interface DC/DC power converters of Figure 5.4 with which the different storage devices
have to be charged or discharged.

It is worth noting that this minimization is carried out on a continuous basis, i.e., for
every value of u, the algorithm sets the values of the battery and supercapacitor currents in
order to minimize the losses, while satisfying the active power constraint without any prior
knowledge of u. Thus, the loss minimization is not designed to be an integral energy
minimization because it neither explicitly takes into account the history of each storage
device (i.e., the current paths followed by each device) nor does it foresee the possible
trend of u in order to perform some sort of predictive control. In fact, if the duty cycle set
by the load was known a priori, an optimal share between the power supplied by (or
requested from) the storage devices could be found, and this configuration could be even
better than that found by the algorithm, because the latter would be obtained through the
summation of the local minima, whereas the former, taking advantage of the complete
knowledge of the cycle, could be found by the minimization of the overall losses. This
means that the proposed control strategy is particularly suitable when the load behavior is
unknown and randomly variable in time. This is typical in traction applications for electric
or hybrid vehicles with an unknown driving path as the wanted performances vary with
driver exigencies.

It is also important to notice that this control strategy exploits the knowledge or an
estimate of the currents flowing through the resistances of the parallel R-C branches of
both the batteries and supercapacitors. In the analysis that is carried out, the current
flowing through the resistances are estimated knowing the initial voltages of the capacitors
and the total current injected or drawn in the storage device, in other words by solving the

electrical circuit models.
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For the determination of the state of charge, which is needed for the implementation
of a corrective current term that is able to prevent the depletion of the storage devices, the

same consideration reported in the previous paragraph are valid.

5.4. EXPERIMENTAL AND SIMULATION RESULTS

In this section, an extensive analysis of the introduced control strategies is reported.
In particular, thanks to a collaboration with an industrial partner, it was possible to
experimentally verify a specific control strategy (the power quality increasing control
strategy) in a real industrial application and experimentally verify the benefits arising from
the integration of different storage technologies in a unique solution, in order to realize a
hybrid storage device.

After this, further simulations results based on the real application are applied

considering the loss minimization algorithm.

5.4.1. APPLICATION DESCRIPTION

The system in the analysis is an indoor full electric forklift with a nominal load
capacity of 2 tons and equipped with a lead acid storage unit of 48 V and a 500 Ah rated
capacity. The forklift has a weight of 951 kg. A representative picture of the system and the

equivalent electrical layout considered for the study are reported in Figure 5.7.

Lf@

lead-acid Equivalent Active
battery DC Loads:
b - 3 phases induction motors
(b) - auxiliaries
Figure 5.7 Full electric reach truck forklift considered in experimental activity: 2 ton load

capacity and equipped with lead acid battery pack of 48 V with 500 Ah rated capacity.
a) Reach truck picture, b) equivalent electrical system layout considered for the
experimental activity.

In the base configuration, the vehicle is equipped only with the lead acid battery pack
for the forklift mission. In this typical traction application, the storage unit has to supply
the loads in order to guarantee both the power oriented mission, in particular during the
accelerating and braking phases, and the energy oriented mission to supply the average
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power requested to guarantee the vehicle autonomy. With reference to the Ragone plot in

Figure 5.2, it is clear that lead acid battery technology fulfills the energy mission better

than the power one.

To better understand this aspect, the vehicle was tested in reference to a standard

cycle, and the current and voltage profiles requested of the battery storage unit by the

loads are reported in Figure 5.8. The reference test cycle characteristics are reported in

Table 5.1, and the cycle is consequentially repeated for the entire test duration.

Table 5.1

Reference test cycle for reach truck forklift

Phase | Description
1 Forks lifting without load (6m)
2 Forks lowering without load (6m)
3 Load pick up (2 tons)
4 Load lifting (6m)
5 Load lowering (6m)
6 Forklift lifting (15m)
7 Load lifting (6m)
8 Load lowering (6m)
9 Forklift lifting (15m)
10 | Load lifting (6m)
11 Load lowering (6m)
12 | Load pick down (2 tons)

The data reported in Figure 5.8 show the battery dynamic during the forklift

operations. In particular, it is possible to indentify the traction phases. In the cycle

analyzed, it is evident that the battery terminal voltage varies from the nominal value of 48

V down to 39 V in discharging and up to 54 V in the regeneration phase when the vehicle

brakes.

Figure 5.8
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A peak shaving function of the main battery, by means of a power oriented storage
system, makes it possible to change the current profile toward a more constant value,
which means enhancing the operative working condition of the lead acid storage unit. As
shown in literature [9-12], there is a strict relationship between the battery available
capacity (BAC) and discharging rates; in particular, the maximum BAC for an
electrochemical battery is obtainable by discharging the device at a constant current rate,
and the capacity availability increases by reducing this value. Each deviation from this
condition introduces a loss in terms of the available capacitance. From this, the goal of the

peak shaving function of the lead acid battery is clear in relation to the available capacity.

5.4.2. SYSTEM INTEGRATION BY MEANS OF THE POWER QUALITY
INCREASING STRATEGY

Taking into account the load requirements with reference to Figure 5.8, the power
quality increasing strategy is used to realize a peak shaving function for the main battery.
In this application, with reference to Figure 5.9, the objective function of this control
strategy, which consists of reducing the voltage fluctuations of the DC bus when the lead
acid battery is connected, is not primarily to improve the power quality on the DC bus, but
rather to realize a peak shaving function for the main battery. The power quality increase
in term of reduced voltage fluctuations is a secondary effect. In fact, the peak shaving
function is realized by reducing the battery terminal voltage variation by means of an
appropriate power oriented storage device that is able to inject (or absorb) current into (or
from) the loads during the high dynamic current request (or regeneration). With reference
to the general scheme reported in Figure 5.1, the lead acid battery is the external energy
source and the power oriented storage device, which is a supercapacitor module in this

case, is interfaced to the DC bus by means of appropriate DC/DC power converters.

DC/AC

= i /=l DC/DC @

T == |-

lead-acid  supercapacitor Equivalent Active
battery DC Loads:
- 3 phases induction motors
- auxiliaries

Figure 5.9 Forklift system layout with integration of supercapacitor storage unit.
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Considering the control strategy and system layout, the DC/DC power converter has
to be bidirectional and designed to exchange the maximum cycle peak power minus the
cycle average power supplied by the battery: about 7.2 kW in this case. The bidirectional
converter structure can be chosen as a:

1) step up converter toward the DC-Bus,
2) step down converter toward the DC-Bus,
3) step up/down converter toward the DCc-Bus.

This choice is related to the electrical characteristics of the supercapacitor module.
Based on the converter structure, the supercapacitor module voltage over all of the
system’s operating conditions has to be:

1) always lower than the DC-bus voltage,
2) always greater than the DC-bus voltage,
3) independent of the DC-bus voltage.

The above conditions guarantee the correct power management for the
supercapacitor module, independently of the control strategy adopted. The technical
limits of the first two solutions are reflected in a simpler converter structure because only
one converter leg is required to realize the DC/DC converter. In contrast, the last structure
requires two converter legs to realize the step up/down function for the same direction of
power flow. In addition, the third solution requires a more complicated modulation
technique.

For the system layout, the choice is a step up converter toward the DC-Bus (Figure 5.
10), in order to avoid uncontrolled power flows from the DC-Bus toward the

supercapacitor module in a case of failing or absence of switching modulation.

+
4 L DC bus
) side
supercapacitor

side

Figures.10  Structure of DC/DC converter interface with supercapacitor module.

In particular, the converter hardware has been realized by using one leg of a
commercially available inverter (Zapi Dual AC2 + HP Power Inverters High Frequency

Mosfet Inverter for Asynchronous Motors), with a nominal current of 700 A;ms and a
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switching frequency of 8 kHz, complete with a driver board. Control strategies capable of
controlling the switches, according to paragraph 5.2, have been implemented by means of
a microchip microcontroller: dsPIC30F4013.

The criterion adopted for the choice of the supercapacitor bank consists of evaluating
the maximum delta-energy (Wpa) requested by the equivalent load at currents greater
than a threshold (set at 150 A for our purpose). This energy will be delivered by
supercapacitors considering the admissible voltage variation between the initial and final
voltages (respectively V;and Vy are considered to be 45V and 24 V). The minimum storage
size is:

2 ? Wmax

C. = =99 1F .
min W (5.19)

Considering the commercial availability, the storage consists of 24 cells,
manufactured by Maxwell Technologies, with a 3000 F rated capacitance (Appendix 7.1)
connected in series, for a total rated value of 125 F at a nominal voltage of 64.8 V. At this
stage, thanks to the DC/DC converter, it would be possible to use a system with a lower
nominal voltage, e.g., 50V. In any case, we selected 64.8 V to ensure a fail safe for the
supercapacitor module in the case of a DC/DC converter failure, in particular during the

recharging of the lead acid battery.
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5.4.3. EXPERIMENTAL RESULTS WITH THE POWER QUALITY INCREASING
STRATEGY

In the following, comparisons between the battery and supercapacitor currents and

voltages are first reported in Figure 5.11.
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Figure 5.11 Storage working conditions to supply loads when integrated with increasing power

quality strategy: a) measured battery voltage and current, b) measured
supercapacitor voltage and current.

These figures, which represent the storage working conditions for the entire test
duration of more than 4 h, show how the presence of the supercapacitor storage unit
makes it possible to greatly reduce the maximum current delivered by the lead acid battery
under all operating conditions to a maximum value of 150 A. The difference, in terms of

energy, is supplied by the supercapacitor storage system, which delivers a maximum
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current of 180 A. In contrast, during the recharging phases, the supercapacitor absorbs a
maximum of 200 A. However, it is important to note that the maximum current delivered
by the lead acid battery to recharge the supercapacitor is 100 A; the difference arises from
the regenerated energy during the braking phases. The effective energy used by the
supercapacitor is in the voltage range of 45 V to 30 V, in compliance with the project
specifications and, in particular, a little lower because of the oversizing of the storage
system.

These functionalities have been obtained by the power quality increasing strategy,
which is used to reduce the voltage variation on the battery storage system. In Table 5.2
the main data are reported for the operating conditions of supercapacitor and lead acid

battery in presence of and without the power storage system.

Table 5.2 Comparison between systems with and without storage devices
Battery parameters Supercapacitor parameters
Iavcrggc Vavcragc Pavcragc AUdc/U dc Irms Iavcragc Vavcrggc Pavcrggc AUdc/[—] dc Irms
[A] [V] (W] [%] [A] [A] [V] (W] [%] [A]
without supercapacitor | 76.2 45.5 3467 354 132.1 -
with supercapacitor 758 | 455 | 3449 | 198 | 862 | 31 | 454 [ 1407 | 313 | 90.1
relative variation [%] ~0 0 ~0 -44.1 -34.7 -

From , it is evident that the power storage system contributes to stabilizing the
battery voltage fluctuations that pass from a range of 54 V-37 V (without supercapacitor
storage) down to 51 V-41.5 V (with supercapacitor storage), which represents a relative
reduction of 44.1%. In addition, the battery’s root mean square current decreases by about
34.7%. From these considerations, it is clear that the control strategy is also implicitly a
peak shaving strategy. No particular deviations are measured for the average quantities,
which is correct due to the fact that the same energy is requested by the loads.

In order to verify the improving effect related to the battery’s available capacity, the
above reported test cycle in Figure 5.1 was repeated two times considering the presence or
absence of the supercapacitor storage system. In these two identical cycles, starting with
the same condition for the state of charge (SoC) of the lead acid battery, the test was
repeated for 4 h, and the battery SoC profile in each case was measured. In particular, the
SoC was measured as the specific gravity of the battery electrolyte and, in Figure 5.12 the

specific gravity trends with and without the supercapacitor storage system are reported.
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Figure 5.12 gravity trend of lead acid battery electrolyte tested in presence and absence of

supercapacitor storage device in order to realize peak shaving function.

From Figure 5.12, the benefits of using the lead acid battery are experimentally
evident in terms of the available capacity when discharged in an operating condition more
closely related to the constant current profile. From a quantitative point of view, the main

data are collected in Table 5.3.

Table 5.3 Comparison between systems with and without storage devices.
Initial Final Initial | Final
gravity | gravity | time time
[gfem’] | [g/em’] | [h] [ [h]
without supercapacitor 1.23 1.16 0 3.1
with supercapacitor 1.23 1.16 0 4.1
relative variation [%] - - - +32%
only lead acid battery 1.23 1.1275 0 4.1
with supercapacitor storage 1.23 1.16 0 4.1
relative variation [%] - -18.6% - -

The above reported results are greatly encouraging in considering the multiple
benefits arising from the storage system integration. In particular, with this control
strategy, the following functionalities have been implemented:

voltage stabilization (the battery voltage fluctuations go down to 19.8% from
35.4%);
peak shaving (the battery route mean square current go down to 86.2 A from
132.1A);
energy saving (the battery electrolyte specific gravity variation is reduced by 18.6%);

autonomy increase (the battery is operated for +32% of the time).
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It is clear that only a global system vision makes it possible to exploit the multiple
benefits arising not only from a technical point of view, but also from an economic point of
view. Without performing an economic analysis, it is clear that a single obtainable benefit
would not justify, from an economic point of view, the investment related to the storage
integration. Yet, it is surely justifiable, also in a short time horizon, when the sum of the

economic benefits is considered.

5.4.4. SIMULATIONS RESULTS WITH LOSS MINIMIZATION STRATEGY

The above reported experimental analysis did not specifically focus on the total loss
reduction related to the two storage systems. It is clear that, by reducing the root mean
square current, an additional benefit is also obtainable from the aspect of losses.

Based on this, in the following, considering the same working conditions
experimentally analyzed previously, the benefits arising from system integration based on
the loss minimization strategy are considered, and a comparison with the power quality
increasing strategy is done. The analysis is carried out based only on simulation results.

First, in Table 5.4, the two storage equivalent model parameters, referring to the

models of Figure 5.5 and Figure 5.6, are reported.

Table 5.4 Supercapacitor and lead acid battery equivalent model parameters.
Un Ri R 1 C RRsc CRsc RSsc
V] [mQ] [(mQ] (F] (€] [F] (kQ]
‘ supercapacitor 64.8 6.9 8.35 84.5+0.625v 8.3 3.45 28
En Rop Ry Cip Ry Cp
V] [mQ] (mQ] (F] [mQ] (F]
‘ lead acid battery | 48.3 24 5 37 4 100

In order to verify the accuracy of the lead acid equivalent model, Figure 5.13, reports a
comparison between the simulated and measured battery voltage profiles, when the

storage is subjected to the real measured current profile of Figure 5.8.
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Figure 5.13 Comparison between measured and simulated lead acid battery voltage profiles

when subjected to measured current profile.

The loss minimization strategy is applied to the case study to verify its validity. In
particular, Figure 5.14 reports a comparison between the battery and supercapacitor

currents and voltages when the storages are controlled with the loss minimization

algorithm.
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Figure 5.14 Working conditions for simulated storages when devices are controlled by loss
minimization strategy: a) battery voltage and current, b) supercapacitor voltage and
current.

As shown in Figure 5.14, the loss minimization strategy has, for the storage currents,
an effect very similar to the power quality increasing strategy. Moreover, in this case, an
evident peak shaving action can be noted for the supplied battery currents. Similar to the
previous case in Table 5.5, the main data are reported for the operating conditions of the
supercapacitor and lead acid battery, with the values of mean power wasted on the

modeled internal resistances, in the presence of and without the power storage system.

Table 5.5 Comparison between systems with and without storage devices.
Battery parameters Supercapacitor parameters
Iaver@ge Uaver@g_e A[Jdc/U dc Inns Pwasted Iaver@g_e Uavergge AUclc/[j dc Irnns Pwasted
[A] V] [%] [A] (W] [A] V] [%] [A] (W]

without supercapacitor 76.2 45.5 354 132.1 568

with supercapacitor

79.3

45.5

18.7

95.5

254

85 | 392 | 313 [1203] 9

relative variation [%]

~0

0

-47.0

-27.7

-55.2

As shown in Table 5.5, , the effectiveness of the loss minimization algorithm is
proved by the simulation results; in fact, the total storage losses go down to 350 W from
568 W in the presence of only the lead acid battery storage. This is shown to underline
that, in these simulations, the DC/DC converter, interfaced with the supercapacitor
module, is considered to have an efficiency equal to 1. In addition, considering a converter
efficiency of 85%, for example, the total energy wasted is lower than considering the

presence of only the electrochemical batteries.
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It is worth noting that, by minimizing the total losses on the modeled resistive
elements of the storages devices, benefits similar to those obtained with the power quality
increasing strategy are obtained. In fact, the simulations demonstrate a function of:

voltage stabilization (the battery voltage fluctuations go down to 18.7% from
35.4%);

peak shaving (the battery root mean square current goes down to 95.5 A from 132.1
A).

It is correct to expect similar benefits from this strategy, compared to the previous
ones, in terms of increased efficiency and autonomy of the electrochemical battery due to
the similar improvements in terms of the voltage stabilization and peak shaving function.

At this point, it is necessary to focus on the meaning of the increased efficiency. With
the experimental results obtained with the power quality increasing strategy, the increase
in the time window operations is 1 h, considering the same variation in the specific gravity
of the electrolyte of the lead acid battery in the presence of or without the power storage
system. In other words, with the same state of charge for the lead acid battery, it is
possible to use a greater quantity of energy (about 3.45 kWh) or, considering the same
time window operation, it is possible to save about 3.45 kWh. This saved energy does not
totally arise from the lower energy wasted on the resistive elements of the electrochemical
battery. In fact, with the loss minimization algorithm, considering a time window of 4 h
and a DC/DC converter efficiency of 85%, the total amount of energy saved on the resistive
elements is about 0.776 kWh, which is significantly lower than 3.45 kWh. In other terms,
this means that there is an efficiency term related to the energy wasted on the resistive
elements of the electrochemical device and an efficiency term related to the
electrochemical reactions that take place with a greater efficiency when the battery is
operated with lower values of root mean square current. The loss minimization algorithm,
by optimizing the energy wasted on the resistive elements, also optimizes the global
efficiency of the lead acid battery.

Finally, comparing this strategy with the previous one, it is possible to say that the
benefits arising from the two algorithms are very similar; certainly, from an integration
point of view, the power quality increasing strategy is simpler than the second one,
because it does not require any on-line calculation to estimate the currents flowing in the

various branches of the modeled storages and then calculate the current references to
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inject into the different storages. In addition, the power quality increasing strategy does
not require any modeling of the storage system, with the exception of the dynamic
behaviors, in order to correctly set the bandwidth of the different control loops.

In contrast, the loss minimization algorithm presents a plus when many storage
devices have to be connected on the same DC bus. The power quality strategy, in fact,
requires that the voltage control loop bandwidth of each interfaced DC/DC converter is at
least 1 decade different from the others in order to avoid power oscillations between
storages. This represents a limitation in the maximum number of interface converters
connected to a DC bus with this strategy. This limitation does not exist with the loss
minimization algorithm, because there are no specifications on the bandwidths of the
interfaced converters. In addition, this strategy does not use any voltage control loop and

directly impose the current reference to charge or discharge the different devices.
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6. SUPERCAPACITOR STORAGE SIZING CRITERIA

As analyzed in chapter 5, there are many benefits that arise from the system
integration of a supercapacitor storage system in different applications. In addition to
technical benefits, the economic return on investment has to be evaluated in order to
sustain, from an industrial-economic point of view, the addition of the storage system in
the specific application.

Today’s storage system cost represents an important, if not the largest, component
cost of the total system, which is much higher than the power electronic converters cost. It
is very important, according to the application, to correctly size the storage system in
order to globally optimize the technical and economic benefits obtainable.

In this chapter, in particular, considering applications characterized by a power
profile comprehensive of the absorption and regeneration phases, two sizing criteria for a
supercapacitor storage system are analyzed in order to realize the energy recovery and
peak shaving functions. The system sizing trade off takes into account the amount of
money saved by the implementation of these two functionalities.

First, the technical and economic sizing of the storage is approached for a specific
application characterized by a known working power profile. In this case, the
supercapacitor storage sizing follows deterministic criteria based on the amount of
storable energy needed for the application, and an economic analysis based on the actual
costs is reported. Second, the same case study is further investigated considering a case in
which more than one load is electrically connected to the same distribution bus. In this
case, taking into account the technical and economic constraints, it is a winning solution
to design a centralized storage system for the recovery of the power regenerated. In
particular, it is assumed that the loads follow deterministic power cycles, but are shifted by
an uncertain amount in relation to each other. Therefore, the recoverable energy and,
consequently, the storage size, requires the optimization of a random cost function that

arises from a probabilistic approach, as addressed in [1-5].
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6.1. DETERMINISTIC  APPROACH TO SUPERCAPACITOR
STORAGE SIZING

6.1.1. SYSTEM LAYOUT AND MAIN COMPONENT SIZING

Starting from the system layout reported in Figure 6.1, the analysis, based on the
actual costs of the different integrated components in the system, aims to identify the total
cost for the integration of the supercapacitor storage and to quantify the return of the

investment, taking into account the money savings related to the energy savings.

Main

iCl

DC bus

supercapacitor

Figure 6.1 System layout.

The system reported in Figure 6.1 consists of a rectifier converter, C1, to supply the
DC bus system, where the loads and supercapacitor storage system are connected by
means of inverter C2 and DC/DC converter C3, respectively. Considering the great
difficulty in regenerating energy toward the main grid, due to the high limitations imposed
by the distributor or more general technical constraints, in the reported topology
converter C1 is assumed to be unidirectional. In addition, without losing generality in the
methodology approached, the power profile absorbed by the load, as reported in Figure
6.2(a), consists of an absorption phase at constant power P1 followed, after a rest period
with no power, by a regenerating phase at constant power P2 lower than Pi1. The
absorption phase lasts for interval Tr, while the regenerating phase lasts for time interval
Td. In the following analysis, only for convenience in formulating the different
mathematical expressions, the two time intervals have the same duration equal to To.

The two functions addressed by the presence of the supercapacitor storage system

are:
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total recovering of the energy regenerated by the load;

peak shaving function of the power drawn by the interface converter with the main

grid, C1, Figure 6.2(b).
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Figure 6.2 (a) Power profile drawn by load. (b) Power profile drawn by C1 interface converter

when peak shaving strategy is implemented. The absorption phase lasts for time
interval Tr, while the regenerating phase lasts for time interval Td.

In particular, by realizing the peak shaving function, the maximum power, Pr,
absorbed by the grid is lower than the maximum power, Pi, absorbed by the load. In
general, the total net energy absorbed by the load in each cycle is:

w, =PT, - |P,T,|=PT, +kP.(T - T,)=P.[kT +(1- k)T, ] (6.1)

net cycle

where k represents the level of peak shaving realized on the converter interfaced with the
main grid, which is defined as:

(Pl - PZ - Pr)>q—v0

k= ; .2
P(r-T,) @2

Thus, the size of power converter C1 can be determined as:

P _P —_ (Pl - PZ )TO (6 )
@ r_[kT+(1-k)To]’ 3

and the size of power converter C; as:

PC3=PC2'PC1= (6.4)

while the size of converter C, is equal to the maximum power drawn by the load and equal
to P,. Finally, the size of the supercapacitor storage system, which is a function of the peak
shaving level of the power profile of interface converter Ci, is the sum of the total energy
regenerated by the load and the energy absorbed by interface converter C1 in time interval
T-T,. The minimum energy size of the supercapacitor storage is:

_kPT,(T- T,)+|P|T?

W =|P|T, +kP.(T - T.)= T 6.5)
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From (6. 5), it is evident that the energy size of the supercapacitor storage system is
strictly related to the peak shaving level of the power absorbed from converter C,
(parameter k). In particular, the two limits are with k = o and k = 1, which mean,
respectively, no peak shaving function and a total peak shaving function, in order to
absorb from the grid a constant power equal to the average power of the cycle. In the two

limits considered, the minimum energy size for the supercapacitor storage system is:

k:O WSC :|P2|To
_PT,(T-T,)+
B T

1
6.6

PZ.

T;

tk=1 W

6.1.2. COMPONENTS COST

In this section, the actual costs of the different components are reported in order to
correctly quantify the total system integration cost as the savings arising from the energy
regenerated. The costs reported in the following are industrial costs and based on a market

analysis.

Supercapacitor Storage Cost (COSTsc)

Starting from the supercapacitor cell cost, the specific energy cost for the
supercapacitor storage system is identified considering that the exploitable energy in a
supercapacitor is normally in the range of the nominal voltage, U,, and its half. In this
way, in fact, it is possible to use about 75% of the stored energy (this is completely true
considering an ideal capacitance of constant value operated between U, and U,/2).

The analysis, based on a direct market cost analysis conducted on the Maxwell
Technologies supercapacitor cells and modules, considered different supercapacitor cells
and modules in order to identify the specific energy cost. In addition, it also considered
the influence of the system module voltage on the specific cost. Considering a storage
system consisting of a single branch of cells connected in series, the total system voltage,
which represents an electrical specification of the storage, because the nominal elementary
cell voltage is fixed in the range of 2.5-2.7 V, determines the number of cells in series.
Consequently, the cell size is determined by the total amount of energy that has to be
stored divided by the number of cells in series. Due to the fact that the specific energy cost
is influenced by the cell size, it is clear that the specific energy cost is influenced by the

nominal voltage of the system module. This is particularly clear in Figure 6.3 Considering
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the need to store 150 Wh of energy, technically the module’s nominal voltage can be
designed to be 400 V or 800 V. The former solution requires the realization of a module
with 296 elementary cells of 650 F @ 2.7 V, while the second one can be realized with one
string of 148 cells of 1500 F @ 2.7 V. Due to the lower specific cost for the greater size of
supercapacitor cells, the former solution makes it possible to realize a supercapacitor
storage module with a specific energy cost of about 95 €/Wh, while the second one has a

consistently lower cost of about 58 €/Wh.

100

8o
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40

Specific energy cost (¢/Wh)

20

o 100 200 300 400 500 600 700
Usable energy between U_and U _/2 (Wh)
n n
Figure 6.3 Specific supercapacitor storage cost vs. usable stored energy between nominal

system voltage and its half. These costs were evaluated considering different
voltages for the total storage system (400, 600, 800 V). The total system energy is
stored by using different sizes of supercapacitor cells: 650 F, 1200 F, 1500 F, 3000 F. By
selecting the same elementary cell to realize the module and, consequently the same
specific energy cost, it is possible to store different amounts of energy by varying the
total system voltage, which is the number of cells connected in series.

By fitting the collected data, it is possible to identify the cost expressed in Euros of
the supercapacitor storage as a function of the usable energy needed and the nominal

system voltage, in particular:

COST,. = aXUg. +b¥Wy. +c =12.44U . +27.49W,. +34.09 6.7)

where:
a,b,c: are coefficients determined on the basis of a direct market cost analysis
conducted on the Maxwell Technologies supercapacitor cells and modules;
Usc: is the nominal system voltage in [V];

Wse:  is the amount of usable energy in the storage in [Wh].
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As expected, the specific storage cost is lowed by using the largest available
supercapacitor cell. From a technical point of view, this is not always possible due to the
voltage constraints with which the storage system has to be realized. Storing a certain
amount of energy using larger supercapacitor cells lowers the system voltage. Taking into
account the supercapacitor interface converter, this means, at an equal value of power
exchanged, a greater value of current, with consequential issues related to the converter
specifications and performances.

The above reported specific cost function takes into account, not only the
supercapacitor cell cost, but also the global module cost consisting of the sum of different

components. The cost shares of different components are reported in Table 6.1.

Table 6.1 Relative weight factors on total cost of supercapacitor storage system.
Component Relative weight on the total cost
Cells 55 % COST¢c
Case 30 % COSTy¢c
Cooling system 5 % COSTgc
Integration labour 10 % COSTyc

Electronic Power Converter Cost (COSTyps)

In order to identify the actual industrial cost of the rectifier converter, C,, and the
DC/DC supercapacitor interfaced converter, C;, a market analysis was conducted on the
uninterruptible power systems (UPSs) commercially available in the power range of 10-8o
kVA. This choice is strictly related to the fact that a UPS consists of the integration of all
the electronic converters shown in the system layout of Figure 6.1 UPS devices typically
consist of an input inverter, output inverter, bidirectional DC/DC converter for the storage
device, and static switch.

Collecting the costs of the UPS power converters made it possible to introduce the

following cost function, expressed in Euros:

COST,ps =d +e>Pps =3380 + 623 P (6.8)
where:
de: are coefficients determined on the basis of ;

Pyps:  is the nominal power of the UPS [kW].

Figure 6.4 reports a comparison between real UPS costs and fitted data by means of
(6. 8). In order to identify the function cost of the rectifier power converter and DC/DC
bidirectional power converter, Table 6.2 reports the relative weight of the main parts

constituting a UPS device.
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Figure 6.4 Comparison between real UPS cost based on market analysis and fitted curve by

means of function cost in (6. 8).
From the data collected in , the cost of bidirectional DC/DC converter C3 and

rectifier converter C1 can be determined considering the impact that each factor has on the

complete UPS device.

Table 6.2 Relative weight on total cost of main parts constituting UPS device.
Component Relative weight on the total cost
Case 15 % COSTyps
Input inverter 20 % COSTyps
Output inverter 20 % COSTyps
Battery DC/DC converter 10 % COSTyps
Static switch 5 % COSTyps
Integration labor 10% COSTyps
Other 20% COSTyps

DC/DC Converter Cost (COSTpc/pc)

For a DC/DC power converter interfaced with a supercapacitor storage system, the
cost of the mains parts, in reference to the cost of the mains parts constituting a UPS
device, are as follows:

the case cost is about 60% of that for a UPS device. Even if it is simpler, certain
safety and mechanical requirements have to be satisfied;

the DC/DC bidirectional converter is 50% higher, taking into account that a
converter interfaced with a supercapacitor has to manage similar currents during
the charging and discharging phases, in contrast to the DC/DC converter interfaced

with batteries in a UPS;
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the integration and testing labor is simpler and estimated as 30% of that for the
UPS device;
no inverter and static thyristor bridge are present.

From these considerations, Table 6.3 reports the relative weight of the main parts

constituting the bidirectional DC/DC converter, in relation to the UPS main component

costs.
Table 6.3 Relative weight on total cost of main parts constituting bidirectional DC/DC
converter.
Component Relative weight on the total cost
Case 9% COSTUPS
DC/DC bidirectional converter 15 % COSTyps
Integration labor 3% COSTyps
Other 15% COSTyps

From Table 6.3, the total cost of the bidirectional DC/DC converter is 42% of a
complete UPS characterized by the same nominal power. The cost in Euros of the DC/DC
converter is as follows:

COST,,pe =0.42(d +e>Ppc, e ) =1420 +265P, (6.9)
where Ppc/pcis the nominal power of the DC/DC converter expressed in kW.

Rectifier Converter Cost (COSTrgct)

Finally, the cost of rectifier inverter C, is evaluated similarly to the previous analysis
and, in particular, considering that in reference to the cost of the mains parts constituting
a UPS device, the main components of rectifier C, are:

the case cost is about the 60% of that for a UPS device;
the cost of the thyristor bridge is considered to be totally equal to the static switch
of the UPS device, in fact the power electronic and driver boards used are the same;
the integration and testing labor is simpler and does not exceed 20% of that for a
UPS device;
no inverter and bidirectional DC/DC converter are present.

The relative weights of the main parts constituting the controlled rectifier converter

thyristor are collected in Table 6.3.

131



6. SUPERCAPACITOR STORAGE SIZING CRITERIA

Table 6.4 Relative weight on total cost of main parts constituting controlled rectifier converter
thyristor.
Component Relative weight on the total cost
Case 9 % COSTyps
Thyristor bridge 5 % COSTyps
Integration labor 2% COSTyps
Other 10% COSTyps

The total cost of the rectifier converter is 26% of that for a complete UPS

characterized by the same nominal power. The cost in Euros is:

COST ey =0.26(d +€>Pyyr ) =879 +16.15 Py (6.10)

where Prgcris the nominal power of the rectifier converter expressed in kW.
Considering the presence of a three-phase input power transformer at 50 Hz, an
additional cost has to be considered. In particular, based on the market analysis, it is

possible to relate the transformer cost to its size according to (6. 11).

COSTgansr = (f +g>P TRANSF) = 48.5+42.7> Py ner (6.11)
where:
fg: are coefficients;

Prransr: is the nominal power of the transformer in kW.
The total cost of the rectifier converter considering the presence of the input
transformer is equal to:

COSTypersrranse = COSTyper + COST panse =927.5+58.8° Prperipanse - (6.12)

The last component cost that has to be evaluated in order to fulfill the economic
analysis is the cost of the electrical energy. In our analysis, this cost is based on a low
voltage, not that distributed to domestic Italian customers (based on the data supplied by
the Italian authority “Acquirente Unico AU” for the last trimester 2011). In particular, it is
possible to express the annual electrical energy cost in Euros as a function of the

contractual power and energy consumed as:

COSTyneroy = > Peonr +1>Weons +1=27.25 Proyy +0.1537° Weoys +137.1 (6.13)
where:

h,il: are coefficients;

Pcon: is the contractual power expressed in kW;

Woeons: is the total amount of energy in kWh consumed in 1 year.
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It is important to note that the energy cost is a function of the contractual power
level with the distributor and not just a function of the consumed energy. This aspect is

very important when considering system sizing optimization.

6.1.3. OPTIMAL SIZING BASED ON THE RETURN OF INVESTMENT

Considering the above reported function costs, it is possible to evaluate the saved

money as:
S =COST,, - COST, ... (6. 14)
where:

COSTr: is the total system cost in the absence of the energy saver system

based on the supercapacitor technology;
COSTsystem: s the total system cost in the presence of the energy saver system.
The addition of the energy recovery system is related to:
the cost of the supercapacitor storage (additional cost);
the cost of the DC/DC bidirectional converter interfaced with the storage
(additional cost);
the cost of the grid interface rectifier (reduced cost in the case of peak shaving);
the cost of the electrical energy (reduced cost).
In particular, by actualizing the total costs at the initial time taking into account the
discount rate, “i", and the increasing energy cost rate, “” [6], the money saved at time zero

is:

o o o o on é m + ] (.jn U
Sact = COSTClVVithOutES - COSTC1ES +COSTDC/DC + COSTSC -a éCOSTenergy g_}— u (6.15)
k=1 e 1+1 (4] 0
where:

COST; vrnou s - is the cost at time zero of converter C, in the absence of the
energy recovery system. The converter is thus designed for
the total power, P,, absorbed by the load;

COSTY s is the cost at time zero of the C, converter in the presence

of the energy recovery system. The converter is thus
designed for the maximum power, P,, function of the peak

shaving level;
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COSTycpe: is the cost of the C3 converter at time zero;

COSTy. : is the cost the supercapacitor storage at time zero;

& é at ] ('jn u . . . . .

a &osT,,, ¢+ I8 the actualized income arising from the energy saved by
k=1 B 1+t1g(

the presence of the energy recovering system.
With the above approach, and considering the power profile in Figure 6.2(a), the

total investment has been calculated considering the two cases reported in Table 6.5.

Table 6.5 Power profile parameters in reference to Figure 6.2(a).
P1 P2 T Tr Td i j N
Case
[kW] [kW] [s] [s] [s] [%] [%] Cycles per day
2 1
Case | 0 & 160 60 60 3 5 50, 150, 200
Case 2 20 1.3

The parameters of the considered cycles are typical for a heavy bridge crane or an
industrial elevator application. In particular, the analysis focuses on the economic benefits
obtainable in the case of a large amount of recoverable energy, case 1 of Table 6.5, or in the
case of a small recoverable energy, case 2 of Table 6.5.

The simulation results, considering different values of cycles per day, are respectively
reported in Figure 6.5 and Figure 6.6. In the (a)-figures, where the costs of the different
components needed to realize the energy recovery system are reported, it is evident that
the main relative weight on the total cost is represented by the cost of the supercapacitors.
In addition, it can be seen that increasing the peak shaving function level (parameter k,
maximum for k = 1) increases the supercapacitor cost, while the cost of the rectifier

converter C, decreases. This is because it has to be designed for lower values of nominal

power.
6000
(a)
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Figure 6.5 Referring to system layout of Figure 6.1 and power profile parameters of Table 6.5,

case 1, this figure reports: (a) cost of energy recovery system components, (b) Pay
Back Time and Net Present Value versus peak shaving level k, for different values of
cycles per day, N
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The (b)-figures report the pay back time (PBT) expressed in years and the net present
value (NPV) of the investment expressed in Euros. The analysis considers a total system
lifetime of 20 years. In particular, N'5°45 per year cycles are considered (corresponding to

45 working weeks per year and 5 working days per week).
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Figure 6.6 Referring to system layout of Figure 6.1 and power profile parameters of Table 6.5,

case 2, this figure reports: (a) cost of energy recovery system components, (b) Pay
Back Time and Net Present Value versus peak shaving level k, for different values of
cycles per day, N..

The simulation analyses show, independently of the specific numerical results, that
the cost related to the addition of the recovery energy system is quickly paid back if the
storage system is used primarily to realize a peak shaving function and not the energy
recovery function. By analyzing the energy cost in (6. 13), it is clear that the motivation is
the relatively higher weight of the cost of power compared to the cost of energy (the
coefficients h and i). In the two simulations, in fact, independently of the NPV value, the
PBT values are similar when the k value is greater than 0.4, and the minimum value of PBT
or the maximum NPV is obtained when the maximum peak shaving function is realized.
This means that, quite independently from the recovered energy, the total investment is
mainly paid from the lower cost of the contractual power needed to fulfill the load
requirements. The last consideration is particular true when the cycle is characterized by a
low value of recoverable energy.

In general, and not only when the application is directly connected to the electrical
grid, as for example, when the main source is a internal combustion engine characterized
by an inability to regenerate power and a low efficiency during dynamic transients, the
specific power cost is relatively higher that the specific energy cost, because the main
source is designed from a technical and economic point of view to deliver energy and not
power with a high dynamic. Thus, it is clear that the economic benefit in realizing the peak

shaving function is again related to a technical motivation, because, in this way, the total
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system efficiency is increased, not only because the regenerated energy from the load is
recovered, but also because the main source works at a higher efficiency over its range of
usage.

From these considerations, if the storage system is mainly used to recover the
regenerated power from the loads, it could be that the number of years required to recover

the investment is inacceptable from an economic point of view; see Figure 6.5(b) with

k =o.

6.2. STATISTICAL APPROACH TO SUPERCAPACITOR STORAGE
SIZING

Due to the importance of correctly sizing the supercapacitor storage system, both
from a technical and economic point of view, the statistical approach is an effective
method when a centralized storage system has to be designed in order to supply the power
and energy requests from different electric drives that are all connected to the same

distribution bus.

6.2.1. SYSTEM LAYOUT AND GENERAL MATHEMATICAL APPROACH FOR
DETERMINATION OF TOTAL RECOVERABLE ENERGY

The system layout for the analysis is reported in Figure 6.7. It is assumed that the
drives follow deterministic and fixed power cycles, with reference to the power profile of
Figure 6.2(a), but are shifted by an uncertain amount in relation to each other. The
hypothesis of a fixed power profile is introduced in order to give some analytical results in
a closed form; from an application point of view it is not as restrictive because there are
many applications such as underground trains, where a single requested train power

profile can be assumed to be fixed and a priori known.

136



6. SUPERCAPACITOR STORAGE SIZING CRITERIA

Main

iiiCl

DC bus
Ca C2. (&N G
supercapacitor
Figure 6.7 System layout considered for statistical approach to supercapacitor storage sizing

By combining the different power profiles, the total power requested by the
aggregated load is not known a priori and, in this situation, in order to maximize the
saving, it makes no sense to design the storage system to recover all of the energy from the
electric drives in a case where they are all regenerating at the same time, because this
event has low probability. Instead, a statistical approach makes it possible to determine
the probability distribution of the amount of recoverable energy and, consequently, the
storage size arises from the optimization of a random cost function, embedding both the
plant total cost and savings due to the reduced energy consumption during the useful life
of the storage.

In order to introduce a general framework, the time axis is subdivided into equal
intervals in the following, with length L, starting at time zero, so that the interval indexed
by t is:

[tL,(t + 1)L) as t =o0,1,2,... (6.16)

To each interval, ¢, the pair (E;, S;) denotes, respectively, the total amount of energy
recovered and stored in the interval ¢ (E;) and the level of storage at the end of the interval
(S¢). It should be noted that, in general, E; may be lower than the total braking energy
produced in interval ¢. This is possible in a case of storage with limited capability despite
the total recoverable energy. This means the exciting energy has to be shaved in those
cases. The storage level, S;, in each interval is obtained from the previous level, S;,, and
adding the total net energy exchanged by the storage in interval ¢.

At this point, with the hypothesis of L chosen in such a way that the work is done

independently and homogeneously in the various intervals, that is with a random
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mechanism that is independent from t, and with a finite storage size E;*, then the
recovered energy, E;, in time interval ¢t depends stochastically only on storage level S;, in
interval (¢-1), and storage level St depends only on S;.,. In other words, the process (ES;) is
Markovian. Thus, the probability of the recoverable energy and storage level in interval t
depends only on the level of energy, S, reached by the storage in the interval (¢-1).
Mathematically this can be expressed as follows:

Pr(E,,S, |E, .S, ,E..,S, ,,..)=Pr(E,S,|S,..). (6.17)

t-12"t-17 Tt-2

By removing the hypothesis of a finite storage size, E; is an independent sequence,
but process S; is still a homogeneous Markovian. Considering a general process until the

time interval (¢t-1) characterized by the sequence (S,,..., S;.,), that is:

st =(s,,...S,..), (6.18)

the marginal density of S; given by S:™' can be expressed as:

Pr(s, |5:")= cPr(E,,S, | S dE, = ¢Pr(E,.S, | S, , ME, = Px(S, |S..,). (6.19)

The expression in (6. 19) means that the probability of S; does not depend on the history of
the storage levels, and consequently on time ¢, but only on the storage level in the previous
interval, S;.,. It is possible to make an expression of the stationary distribution, n(S;), of the

Markov chain by solving the following expression with respect to m(S):
p (St) = G) (St— 1 )Pr(St | St— 1 )dSt— 1° (6 20)

From this expression, it is possible to define the stationary distribution of the recoverable
energy, Et, as:

p(E,)= o (s, )Pr(E, | S, )as.. (6. 21)
Equation (6. 21) derives from the conditional independence relationship shown in (6. 17)
and consequently the marginal distribution of E;, conditioned by the past history, can be
expressed by integrating the marginal distribution, Pr(E,S;), and the stationary
distribution, n(S¢), with respect to S;. By knowing the stationary distribution of E, the

expected recoverable energy in each epoch, t, can be determined as:

m= CEp(E,)dE,, (6. 22)

while the covariance between the recovered energies in two distinct epochs at distance h

can be expressed as:

g(h)=Cov(E,,E,.,). (6. 23)
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Using the central limit theorem for Markov chains, [7], it follows that the total recoverable

energy can be approximately expressed as:

E,. » NGz ma}g +za g(h)y2=N Nlamas*) (6.24)
ga T kl)z

The total energy is thus approximated with a Gaussian distribution with mean value
ap and variance ao®, which depend on the Markov chain transition kernel (6. 17). The
mean is known as soon as the stationary distribution, m(E;), is available, whereas the
variance parameter depends on an infinite sum, (6.24). In particular it is possible giving a
closed form expression if (E;, S;) takes a value in a finite state space and the transition
probability (6. 17) between any two pairs is known, [8]. In any case, it will become clear
that it is not straightforward to obtain both the elements of the state space and the
transition kernel, and consequently 7(S;) and 7(E;) to determine the requested values of
mean and variance requested in (6.24). Based on this, in the following, the mean and
variance values are determined by means of Monte Carlo simulations, in which a large
number of epochs are simulated and the requested values are determined by means of

sample statistics.

6.2.2. STATISTICAL APPROACH APPLIED TO OPTIMAL ECONOMIC
SOLUTION

In order to verify the feasibility and convenience of a centralized storage system,
different simulations were conducted considering, with respect to Figure 6.7, different
numbers of loads (N = 4 and N = 10, Table 6.6), which are characterized by the same power

profile shown in Figure 6.2(a) with the main parameters of Table 6.5.

Table 6.6 Power profile parameters in reference to Figure 6.2(a).
P1 P2 T Tr Td i j N
Case N
[kW] [kW] [s] [s] [s] [%e] [%] Cycles per day

Case | 4 20 13

4 20 1.3
Case 2 160 60 60 3 5 50, 150, 200
Case 3 10 20 13
Case 4 10 20 1.3

In particular, the analysis aims to show the effectiveness of the statistical approach to
size the storage system. In addition, a comparison is made to the deterministic case.

The sizing of the different components takes into account the distribution of the
numerical results obtained by the Monte Carlo simulations. In particular, because the total

recoverable energy follows a Gaussian distribution, in order to correctly size the storage
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system, it is necessary to define the percentage of cases in which the storage system has to
fulfill the required function of energy recovery. In the following simulation results, this
percentage value is considered to be equal to 95.5%, which means, for a Gaussian
distribution, sizing the supercapacitor system to store an energy equal to au+2'a°'c,
(6.24).

The sizing of the different interface converters has to take into account the fact the
maximum power they convert has a certain probability of occurring. In particular, the C,
and C,, converters are sized, similar to the consideration made for supercapacitor storage
size, in order to cover 95.5% of the occurrences. By changing the probability value of the
occurrences that it is necessary to satisfy, the sizes of the converters change. In other
words, there are some cases, 4.5% of the total cases, in which the total power requested by
the load is greater than the maximum power that the converters can supply.

The sum of the total load power profile in two distinct epochs is reported in Figure 6.8
in a case with 10 drives, each of which has a power profile shifted randomly in relation to
each other. From this figure, it is evident that certain shift conditions determine the
possibility of regenerating power, while others, in which the total power requested by the
aggregated load is always greater than zero, do not allow this condition. In this last case,

the presence of the power oriented storage system is useful only to realize a peak shaving

function.
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Figure 6.8 In reference to system layout of Figure 6.7, total load power profile in presence of 10

drives shifted randomly in two distinct epochs.

In order to have adequate confidence about the simulation results, in each

simulation, 45,000 epochs are considered and, for each group of simulations, different
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values of cycles per day (N) and different values of maximum power drawn by means of

the C1 converter (C1 size) are considered to realize different levels of peak shaving. In

particular, the storage is sized in order to recover all of the regenerated power and to

guarantee the peak shaving functions according to the desired maximum power requested

from the grid. Table 6.7 reports the main data for the sizes of the different components.

Table 6.7 Referring to power profiles defined in Table 6.6, equivalent load parameters used to
size components in system layout of Figure 6.7 are reported.
Wiree Wsc
PC3 avg PC3 max PCI Wrec max PC3
Case i c u c
[kW] [kW] [kW] [Wh] [Wh] [Wh] [Wh] [Wh] [kW]
20 907.1 548.7 68.2
40 508.2 525.5 48.2
1 10.5 80 867 331 211.1
60 208.1 291.5 28.2
80 159.6 195.8 8.1
30 807 244 55.6
4 234 14 45.
2 28.2 80 0 86.7 22.6 23 3 3 5.6
60 32.8 126 25.6
80 6.02 15.2 12.2
40 1497 867.6 120
100 385 646.8 59.1
3 26.6 160 2160 381.8 320.1
150 207.3 304.9 9.1
200 201.6 279.3 9.1
70 1700 437 96
100 230 446 66
4 69.8 160 216 3.6 13.5
150 8.1 81 47
200 3.6 7.5 47

In particular:

PC3 avg-

represents the average power requested by the total load.

PC3 max-

PCIZ

represents the maximum power that can be requested by the total load, in a
case where all of the single drive power profiles are used with no shift in
relation to each other.

is the size of the C1 converter. This value represents the maximum power
requested from the grid. This value has to be greater than the average power

of the cycle.

Wiee max: 18 the maximum recoverable energy (which is the integral of the power

WI‘EC:

regenerated by the total load), in a case where all of the drives regenerate at
the same time. This value represents the minimum size of the supercapacitor
storage in the case of deterministic sizing criteria.

is the recoverable energy determined using the statistical approach.
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Wse:  is the size of a supercapacitor storage system determined using the statistical
approach in order to recover all of the regenerated power and realize the
peak shaving function in 95,5% of the cases. It should be noted that the size
of the supercapacitor module can be lower than the total amount of
recoverable energy, especially when no peak shaving is done. This is because
the storage size is calculated taking into account the real energy level of the
storage, which can charge and discharge more than once in each period. In
other words, it is very low probable that all of the drives will regenerate at
the same time. By increasing the maximum power size of the C1 converter,
the requested size of the supercapacitor needed to realize the peak shaving
function decreases.

Pcs: is the size of the C3 converter. This is calculated in order to satisfy the power
request of the load in 95,5% of the cases, as the difference between the
maximum power requested by the load in 95,5% of the cases and the power
supplied by the C1 converter: (E(max(Pc;)+2'c(max(Pc;)-Pc,). The sum of the
C3 and Ci1 converter sizes can exceed the maximum power requested by the
load.

In all of the cases reported in , it should be noted that the recoverable energy in
95,5% of the cases and equal to pwrect20wrec is always lower than the maximum
recoverable energy determined using the deterministic criteria. In fact, especially with a
high number of electric drives, case 4, the reduction goes down to a maximum of -86%.
This means a consistent difference in the minimum size of the supercapacitor storage with
the two criteria.

For the 4 cases considered, the economic results in terms of components cost, PBT
and NPV, are reported in Figure 6.9 to Figure 6.12 In these figures, parameter k, which is

related to the peak shaving level, is defined as:

P - P
k=_—_CGmx "6 (6.25)
PCgmax - PC3avg

First, it should be noted that the different plotted quantities, especially when the
number of electrical drives considered is low, are characterized by consistent
discontinuities. Taking into account the fact that the aggregated power profile changes

with discontinuity (see Figure 6.8) and the size of the supercapacitor storage is
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determined, according to the peak shaving level desired, as a function of the size of the C1
converter, there are certain zones where varying the maximum power of Ci, and
consequently of k, produces no variation, from a statistical point of view, in the size of
supercapacitor because the same energy is requested to realize the peak shaving function
in 95,5% of the cases. This means, consequently, that with the same storage, that is with
the same cost, e.g., Figure 6.9(a), different values of peak shaving can be realized, which
means different cost savings related to the power components of the energy cost (6. 13). In
particular, by increasing the value of k, with the same storage size, the NPV value
continues to increases until the value of k determines a step variation in the
supercapacitor size. At this point, consistent additional system costs are registered without
a relative similar increase in the money saved related to the recovered energy, and
consequently the NPV decreases for a certain step. The more the aggregated power profile
resembles a continuous line without discontinuity, the more the trend of the analyzed

economic quantities, in the following report, are also without discontinuity.
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Figure 6.9 In reference to system layout of Figure 6.7 and power profile parameters of Table 6.7,

case 1, this figure reports: (a) cost of energy recovery system components, (b) Pay
Back Time and Net Present Value versus peak shaving entity k, for different values of
cycles per day, N.
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Figure 6.10 In reference to system layout of Figure 6.7 and power profile parameters of Table 6.7,

case 2, this figure reports: (a) cost of energy recovery system components, (b) Pay
Back Time and Net Present Value versus peak shaving entity k, for different values of
cycles per day, N.
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Figure 6.11 In reference to system layout of Figure 6.7 and power profile parameters of Table 6.7,

case 3, this figure reports: (a) cost of energy recovery system components, (b) Pay
Back Time and Net Present Value versus peak shaving entity k, for different values of

cycles per day, N
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Figure 6.12 In reference to system layout of Figure 6.7 and power profile parameters of Table 6.7,
case 4, this figure reports: (a) cost of energy recovery system components, (b) Pay
Back Time and Net Present Value versus peak shaving entity k, for different values of
cycles per day, N.

Analyzing the simulated data in the above figures and comparing them with Figure
6.5 and Figure 6.6, where the deterministic single cycle was analyzed, again shows that the
best economic sizing of the energy recovery system is obtainable when the storage is
designed to not only recover the regenerated energy, but also implement a peak shaving
function for the main source. A substantial difference compared to the deterministic case
is that, in the case of multiple drives connected to the same distribution bus, the optimal
sizing to reduce the PBT is for k < 1 and not for k = 1 (deterministic case), which is the limit
point corresponding to a storage size big enough to guarantee the sizing of the grid
connected interface at a value equal to the average power requested by the aggregated
load. In the above considered cases, the optimal sizing for k is in the range of 0.35-0.45.

Regardless of the number of electric drives considered, the minimum PBT achievable
is, for the economic analysis considered, on the order of 8 years. This time is not very short
from an industrial-economic point of view, but is certainly acceptable because, first, it does

not require any incentive mechanism and, secondly, the expected lifetime of an energy
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recovery system based on supercapacitor technology is 1 million complete
charge/discharge cycles, which in our analysis correspond to more than 20 years in the
case of 200 cycles per day. If, independently from the considered case, the best PBT values
are similar, the actualized net present values, considering a time horizon for the
investment of 20 years, is significantly different if the reference cycle is characterized by a
low or high value of regenerated power P2 (Figure 6.2(a)). Comparing, for example, Figure
6.9(b) with Figure 6.10(b), where case 1 and case 2 of Table 6.6 are analyzed, the maximum
NPV for case 1 is about 60 ke, while it is 16 ke for case 2, which is characterized by a low
value for the regenerated power of the single power profile. Similar considerations can be
made by comparing case 3 with 4. In addition, when the single load cycle is characterized
by low values of regenerated power, case 2 and case 4, the PBT, and consequently the NPV
trend as a function of the cycles per day, are very close; see Figure 6.10(b) and Figure
6.12(b). In these cases, in fact, the regenerated energy from an electric drive is, with high
probability, directly used by another drive that is in the absorption phase. This means that
in these situations, the recoverable energy is negligible, and the storage system investment
is economically paid back mainly by the savings related to the peak shaving function,
which is unrelated to the number of cycles per day. When, in contrast, there is a significant
recoverable energy, the PBT and NPV vary significantly with the number of cycles per day,
N; see Figure 6.9(b) and Figure 6.11(b) The difference in the recovered energy between case
1 (or 3) and case 2 (or 4) is reflected in the maximum value of NPV, which is higher when,
in addition to the peak shaving function, there is also an economic benefit related to the
recovered regenerated energy.

In conclusion, the probabilistic approach again shows that the function of energy
recovery, with all its benefits related to the environmental and energy factors, is also
economically sustainable when it is accompanied by a peak shaving function for the power
requested by the main source. Moreover, in this case, it was confirmed that it is possible
to realize a system that is also sustainable from an economic point of view only with a
system vision and the integration of multiple functions and their related benefits (the

energy recovery and peak shaving functions in this case).
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CONCLUSION

CONCLUSION

The work that was carried out has analyzed the supercapacitor storage system as an
innovative technology, considering all aspects of its characterization, modeling,
management, integration, and sizing in real industrial applications. In addition to
examining the technical and economic aspects of this technology, more generally, all of
the work was performed considering the fact that storage systems are an important
element for future applications. Therefore, all aspects of the technology have to be
evaluated, taking into account the technical and economic impact on the global system in
which the storage operates.

According to this, a new supercapacitor model was developed considering its
importance for the correct understanding of the technology behaviors and performances.
Starting from models available in the literature and apparently unrelated, a first important
step was represented by the introduction of a new supercapacitor model able to represent
the full dynamic of a supercapacitor device in its typical dynamic of use during
charge/discharge cycles ranging from continuous up to several hundred Hertz. This model
is characterized by parallel branches, each of which represents a precise dynamic of the
device. Thus, by neglecting a certain number of branches, it is known a priori what kind of
dynamic is neglected, and consequently the error done in simulating the device behaviors.
In addition, this new model represents a reference model. In fact, it can be reduced to
almost all of the available models in the literature by introducing a certain number of
simplifications. Another important aspect relates to the parameter identification
procedure. In fact, this new model is characterized by a very simplified procedure for the
parameter identification. Despite the fact that the model is able to represent the full
dynamic of the device, the different parameters with clear physical meanings can be
determined with specific simple tests, without using the full frequency response of the
device. This is another important key aspect, because with a clear and simple parameter
identification procedure anyone can model supercapacitor devices without being an expert
in modeling or storage technologies, which could be very useful if it was necessary to start
from the device model in order to integrate the supercapacitor technology in a more
complex structure. Moreover, by knowing the physical meaning of different model
parameters, it is possible to know which are typical dynamic behaviors and expected

performances according to the dynamic of use.
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The first part of this work represents an important key aspect, not only for the
technology investigation, but also for the subsequent presented work in which the system
integration, from both technical and economic points of view, has been investigated.

In order to realize, in today’s systems, the innovative functions arising from the
presence of storage technologies, the key is system integration. More and more, in order to
correctly manage energy and power, a system vision is required for all of the applications.
In fact, this is impossible if the reciprocal influences that load requirements and energy
source availability have on the global system efficiency and performances are not taken
into account. In a system, the correct integration, coordination, and management of
different devices represent the solution to fully exploit the functionalities of single
elements. This aspect is fundamental when the final goal is correct energy management
and the elements are represented by different storage technologies. In fact, in all
industrial, transportation, and grid applications, the presence of an opportunely integrated
storage system makes it possible to realize, not only new functions such as the electric
mission in a pure electric vehicle, but also the optimization of the system design. This
aspect is very important because what is changing is the approach with which new designs
are realized and, in this process, storage technologies are not an option but a system need.
Supercapacitors, in particular, as power oriented storage devices, can manage energy with
considerable efficiency, in a time horizon of up to one hundred seconds. This possibility is
very useful when they are opportunely coupled with energy oriented sources such as
electrochemical batteries, internal combustion engines, fuel cells, and, in general, sources
that from a dynamic and efficiency point of view are able to deliver energy and not power.
In all of these situations, it is clear that great advantages arise from the integration of a
system of power oriented storage technology. Yet, it is also evident that for correct
integration, new technical issues arise. First, it is necessary to thoroughly know the
performances of different sources and storages according to their typical dynamic of use.
Moreover, it is very important to define the control strategy with which different storages
and energy sources are managed and controlled. To accomplish this, the second part of the
work focused on two possible control algorithms with which supercapacitors can be
integrated in order to optimize the system operations. In particular, the first control
strategy was designed to increase the voltage quality level on a DC bus where different

storages and loads are connected. In contrast, the second control strategy was designed to
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maximize the global efficiency of multiple storages technologies connected to the same DC
bus in order to satisfy the load requirements. Technically, these two strategies were
approached in different ways. In fact, the former controls the different storages by means
of interfaced power converters, which present different control loop bandwidths set
according to the typical dynamics of the storage devices, while the second control strategy
makes it possible to maximize the efficiency by controlling the different power converters
in such a way that the current drawn by each converter minimizes the overall storage
losses. The second control strategy, in particular, can be implemented only if an adequate
modeling, from both a dynamic and efficiency point of view, of the storage technologies is
available.

What has emerged from the experimental activity is that the system integration
makes it possible to realize a series of multiple benefits, independently from the control
strategy implemented, which are in the direction of the system optimization. In fact, peak
shaving, voltage stabilization, and a loss minimization function are obtained. By just
considering the sum of the multiple benefits, it is possible to understand the advantage
arising from system integration, which has to be considered, not as a plus in designing a
new system, but as a base need to correctly approach the design of new optimized
solutions.

This is true not only from a technical point of view, but also from an economic point
of view. With this consideration, the third part of the thesis aimed at the economic
opportunity arising from the integration of supercapacitor technology in real applications
in order to realize the peak shaving and energy recovery functions. Taking into account
the total system cost and, in particular, that of the supercapacitors, which is the
predominant cost of the system, two sizing criteria for the storage system were analyzed.
The first is based on the deterministic approach, which is valid when the power profile
required by the load is well known and a priori defined. In contrast, the second approach is
very useful when the power profile required by the load cannot be evaluated in a
deterministic way because arises from the sum of the identical power profiles of multiple
loads casually shifted in time. In this case, the use of a centralized storage system is very
useful if the size of the storage takes into account the very low probability that all of the
multiple loads work simultaneously. The probabilistic approach makes it possible to size

the storage system according to the probability with which the events occur. In both cases,
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what arises from the economic evaluation is a confirmation of the previous technical
evaluation and, in particular, that the integration of the supercapacitor storage technology
is a winning solution when the multiple benefits are evaluated. If only a specific function is
considered, as for example the energy recovery function, the optimization is not obtained
from either a technical or economic point of view. In this case, no investments can be
sustained from an industrial point of view, despite the high importance of the energy
recovery function in our society. When the system is designed in order to be completely
optimized by using the power oriented storage solution, multiple benefits are obtained,
including the possibility of sizing the plant for the mean power rather than the maximum
required by the load, along with increasing the total system efficiency, expected lifetime,
and efficiency of the primary energy sources. The energy recovery function could also be
listed among these benefits. In this case, all these functionalities are obtained by means of
the same storage system, and consequently the storage is also a convenient investment
from an economic point of view.

In conclusion, this work has analyzed supercapacitor storage technology considering
all of the aspects needed for its correct use and integration in real applications, starting
from the modeling and concluding with an economic evaluation of the system integration.
The model represents an effective tool with which the control strategy and system
integration have been evaluated and validated. This could be a valid approach to
investigate other storage technologies such as the world of electrochemical batteries, in
order to increase our understanding of the storage technology options, not only from an
electrical/electrochemical point of view, but also in relation to the complete exploitation of

the opportunities arising from their use in real applications.
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7.1.

APPENDIX

DATA SHEETS OF THE INVESTIGATED SUPERCAPACITOR

STORAGE DEVICES

Part Number

PC 10 old version

Capacitance, C (F) 10 +20%
Nominal Voltage (V) 2.5
Surge Voltage (V) 2.7
Internal Resistance, RDC [Q] 0.18
Internal Resistance, 1 kHz [Q)] 0.13
Leakage current [mA] 0.04
Short circuit current [A] 19
Max continuous current [A] 2.5
Specific power [W/kg] 660
Geometry Prismatic
Length [mm] 29.6
Width [mm)] 23.6
Thickness[mm] 4.8

AC <20% decrease, ARDC < 100% increase from

Life time initial value after 10 year @25°C
AC <20% decrease, ARDC < 100% from initial value
Cycle life after 500k cycles @ 25°C (I=0.5A). Cycle defined as

nominal charge to half charge states cycle

Part Number

PC 10 new version

Capacitance, C (F) 10 +20%
Nominal Voltage (V) 2.5
Surge Voltage (V) 2.7
Internal Resistance, RDC [Q] 0.18
Internal Resistance, 1 kHz [Q] 0.13
Leakage current [mA] 0.04
Short circuit current [A] 19
Max continuous current [A] 2.5
Specific power [W/kg] 660
Geometry Prismatic
Length [mm] 29.6
Width [mm)] 23.6
Thickness[mm] 4.8
L. AC <20% decrease, ARDC < 100% increase from
Life time .
initial value after 10 year @25°C

AC <20% decrease, ARDC < 100% from initial value

Cycle life after 500k cycles @ 25°C (I=0.5A). Cycle defined as

nominal charge to half charge states cycle
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Part Number BCAPo140 E250
Capacitance, C (F) 140 +20%
Nominal Voltage (V) 2.5
Surge Voltage (V) 2.7
Internal Resistance, RDC [mQ] 7.2
Internal Resistance, 1 kHz [m£] 3.6
Leakage current [mA] 0.10
Short circuit current [A] 530
Max continuous current [A] 13
Specific power [W/kg] 3500
Geometry Cylindrical
Length [mm] 51
Diameter [mm] 26

AC <20% decrease, ARDC < 100% increase from

Life time initial value after 10 year @25°C
AC <20% decrease, ARDC < 100% from initial value
Cycle life after 500k cycles @ 25°C. Cycle defined as nominal

charge to half charge states cycle

Part Number BCAPo150 P270
Capacitance, C (F) 150 +20%
Nominal Voltage (V) 2.7
Surge Voltage (V) 2.85
Internal Resistance, RDC [mQ] 14
Internal Resistance, 1 kHz [mQ] 8
Leakage current [mA] 0.5
Short circuit current [A] 193
Max continuous current [A] 9,1
Specific power [W/kg] 1700
Geometry Cylindrical
Length [mm] 50
Diameter [mm] 25

AC <30% decrease, ARDC < 100% increase from

Life time initial value after 10 year @25°C
AC <30% decrease, ARDC < 100% from initial value
Cycle life after sook cycles @ 25°C. Cycle defined as nominal

charge to half charge states cycle
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Part Number BCAP3000 P270
Capacitance, C (F) 3000 +20% -5%
Nominal Voltage (V) 2.7
Surge Voltage (V) 2.85
Internal Resistance, RDC [mQ] 0.29
Internal Resistance, 1 kHz [mQ] 0.24
Leakage current [mA] 5.2

Short circuit current [A] 4800

Max continuous current [A] 121
Specific power [W/kg] 5400
Geometry Cylindrical
Length [mm] 138.0
Diameter [mm] 60.4

AC <30% decrease, ARDC < 150% increase from

Life time initial value after 10 year @25°C
AC <30% decrease, ARDC < 150% from initial value
Cycle life after 1000k cycles @ 25°C. Cycle defined as nominal

charge to half charge states cycle

Part Number BCAP3000 P270
Capacitance, C (F) 63 +20%
Nominal Voltage (V) 125

Surge Voltage (V) 135
Internal Resistance, RDC [mQ] 18

Internal Resistance, 1 kHz [mQ]

Self discharge

50% of initial voltage, 30 days, 12 charge and hold

Max peak current, 1s [A] 750
Max continuous current [A] 150
Specific power [W/kg] 1750
Geometry
Length [mm] 619.0
Width [mm] 349.8
High [mm] 306.0
e AC <30% decrease, ARDC < 150% increase from
Life time o
initial value after 10 year @25°C

AC <20% decrease, ARDC < 150% from initial value

Cycle life after 1000k cycles @ 25°C. Cycle defined as nominal

charge to half charge states cycle
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