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Abstract IX

Abstract

Power systems are a set of electrical elements operating in a coordinating way, in order to
provide electrical energy to the end users, for instance, homes, and industries. For this

reason the correct operation of power systems is very important for any society.

Nowadays, there is a strong tendency to introduce renewable energy into the electric
networks. Due to this fact, energy storage systems become interesting in the power system

operation, because of the multiple benefits that they can bring to the power systems.

The aim of this thesis is to address the sizing of a hybrid energy storage system in a power
system with renewable energy penetration. The hybrid system consists of two storage
technologies with opposite characteristics. One technology has high energy capacity, but
low power; it is known as long-term energy storage system. The other technology has high
power, but low energy capacity; it is known as short-term energy storage system. With this
in mind, a minimization problem is stated, which includes the investment cost in the storage

systems, the power system operating costs, and the aging of the hybrid systems.

Keywords: Hybrid energy storage system; Optimal power flow; Sizing; Investment.
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Resumen

Los sistemas de potencia son un conjunto de elementos que operan de manera coordinada
entre si, con el fin de proveer el servicio de energia eléctrica a los usuarios finales como
lo son los hogares y las industrias. Por esta razén, el correcto funcionamiento de estos

sistemas es de gran importancia para cualquier sociedad.

En la actualidad existe una fuerte tendencia a la introduccién de energias renovables en
la red eléctrica, debido a esto los sistemas de almacenamiento de energia han cobrado
gran interés en la operacion de los sistemas de potencia, pues pueden ofrecer multiples
beneficios.

El propésito de esta tesis es abordar el problema del dimensionamiento de un sistema
hibrido de almacenamiento de energia en un sistema de potencia con penetracion de
energia edlica. El sistema hibrido consta de dos tecnologias de caracteristicas opuestas,
una de alta capacidad de energia y baja potencia conocida en inglés como long-term y
otra de alta potencia y baja capacidad de energia conocida como short-term. Para esto se
plantea un problema de minimizacién, el cual incluye la suma de los costos de inversion
en sistema el hibrido, el costo de operacién del sistema de potencia, y el deterioro del

sistema hibrido.

Palabras clave: Sistema hibrido de almacenamiento de energia; Flujo 6ptimo de

potencia; Dimensionamiento; Inversion.
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1.Introduction

Access to electricity, more than a necessity, is a requirement for a modern society. That is
why against the current challenges faced by power systems (PS), as well as the fast and
changing panorama experiencing by PS, it is necessary to ensure a proper and efficient
operation of these systems. At this point arises a great alternative: energy storage, which

is one of the most versatile solutions for the planning and operation of a PS [1].

Nowadays, there is a big global concern because of the problems caused by environmental
impacts associated with fossil fuel consumption, depletion of some natural resources,
global warming, among others. An actual solution is the introduction of renewable energy
generation. However, for the proper operation of renewable generation in a PS, it is
necessary the introduction of storage systems [2, 3].

Energy storage systems emerge as an alternative to solve several challenges that may
occur in a PS. In this thesis, the sizing of a hybrid energy storage system (HESS) in a power
system is analyzed with the purpose of minimizing the operation cost of the PS and the

investment in the HESS as much as possible.

1.1 Problem statement

Power systems are a critical and vital infrastructure for the development of any nation. For
this reason, it is necessary the proper functioning and operation of these systems [4].
Currently, these systems face several challenges like the deployment of renewable energy.

To deal with these challenges, solutions are required to satisfy all needs as best as possible

[5].

Due to the wide variety of abnormal behaviors that can occur in a power system, it is
necessary to find solutions able to cope with most of problems. Energy storage systems

emerge as a solution because of their high versatility, helping not only to the correct
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operation and performance of the PS, but also to increase the reliability and quality of the

service [6].

These facts raise the need to study the behavior of the energy storage devices as well as
their behavior in a PS, with the objective of determining and quantifying the benefits.
Although they have been previously studied, there are still many points to be treated to fully
understand the technologies. Even more, there are still challenges that have to be solved
for using energy storage systems as a completely feasible solution, both from a technical

and economical point of view [5, 7].

Because of the characteristics of the storage technologies, e.g. power rating, energy
capacity, cycle life, among others; using a unique technology limits the performance and
response of the storage system. That is the why hybrid storage systems become important
because they take advantage of two or more technologies for the solution of a wide range

of issues [8].

However, in the literature, there are not references about selecting the amount of each
technology for a particular application, i.e., there are not any criteria or way to optimally
select the necessary amount of each technology in a hybrid energy storage system able to

provide the greatest possible benefit to the PS at the lowest possible investment cost.

For these reasons, this thesis addresses the following question:

=  Which is the optimal way to size a hybrid energy storage system in a power system

with technical and economic criteria?

1.2 Thesis objectives

The main objective of this thesis is: Optimally size the introduction of a hybrid energy

storage system in a power system taking into account technical and economic aspects.

In order to accomplish this objective, the following specific objectives were established:

= Modeling the energy storage systems and the electrical system for the development
of the sizing problem.
= Define a suitable optimization technique for the development of hybrid energy

storage problem.
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1.3 Thesis outline

This thesis is comprised of five chapters.

Chapter 1 briefly describes the thesis problem, the objectives, and a short description of

the document.

Chapter 2 briefly discusses the literature review. First, the optimal power flow concept is
exposed, which is part the problem formulation. Then, the energy storage systems and

hybrid energy storage systems concepts are shortly discussed.

Chapter 3 addresses in detail the mathematical formulation of the hybrid energy storage
system sizing. First, the energy storage system model is described. Then, the sizing
formulation is divided into three parts; the first part refers to the operational cost of the
power system, the second part refers to hybrid energy storage system investment cost, and
the third part refers to the cost per use of the hybrid system.

Chapter 4 addresses the results of the thesis. Three cases are analyzed, case 1 is the
operation of the system without energy storage, case 2 is the operation of the system only
with a long-term energy storage system, and case 3 is the system with the hybrid energy
storage system. In addition the behavior of the hybrid system sizing is analyzed when the

acquisition cost of the short-term technology decreases.

Chapter 5 addresses the conclusions of the thesis and a discussion of the possible future

work on the topic.



2.Literature review

Some basic concepts were considered for the development of the thesis, and they are
briefly described in this Chapter. First, a basic review of the optimal power flow formulation
is presented. Then, an overview of the energy storage systems and hybrid energy storage

systems is shown.

2.1 Optimal power flow

The major purpose of this dissertation is to establish the optimal energy capacity and power
rating of a HESS in a power system, taking into account both technical and economic
aspects. In this sense, the problem can be solved using the Optimal Power Flow concept,

which is a powerful tool able to solve optimization issues in a power system context [9, 10].

OPF solves one or various objectives considering the PS network, its variables, and
constraints. It is especially useful tool for decision making, because it can provide
information about setting the PS control variables considering generation costs, power
transmission losses, voltage deviations at PQ buses, GHG emissions, and voltage stability,

among others [11].

In general terms, OPF can be stated as:

min F(x,u) (2.1)
Subject to:

g(x, u) =0 (2.1.2)

h(x,u) <0 (2.1.2)

xmin < x < xmax (2.1.3)
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umin <x< umax (2.1.4)

Where u is the set of control variables and x is the set of state variables [36].

Set u usually contains: active power generated by each generator P;, with exception of the
slack bus (P;y), voltage level at PV buses Vg4, reactive power injected by shunt

compensators, and transformer taps settings. Set x contains: active power generated by
slack bus (P;4), voltage level at PQ buses, and transmission line loading, among others [9,
10].

2.1.1 Optimal Power Flow objectives

The objective function defined in (2.1) is the main part of the formulation, because the aim

is to minimize it while some requirements are satisfied.

Some of the most common objectives into the OPF framework are presented as follows:

s Generation cost minimization

This Objective function aims to minimize the overall generation cost in a power system. For
this purpose, the cost function is modeled as a quadratic cost, which depends on the power
generated by each generator [12].

Ng

$
2 a;Pg; + biPg; + ¢ [ﬁ] (2:2)

i=1
Where:

Ng: Total number of generators in the system.
P;;[W1]: Power generated by a generator unit

a; [%] b; [%] C; [%] Cost coefficients.
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*» Active power loss minimization

This objective function aims to minimize the losses in the PS. The function is modeled by
means of the Newton Raphson power flow, i.e., by means of the voltage angles and
magnitudes [12, 13].

Ny,
Z ailVi — V? — 2V,V; cos(6; — 6;)] (W] (2.3)
=1

Where:

N, : Total number of network branches in the PS

g1[pu]: Conductance of the branch [

Vi, Vj[pu]: Voltage magnitudes of buses i and j respectively
8;,0;[rad]: Voltage angles of buses i and j respectively

From another perspective, the transmission losses in a PS can be seen as the minimization
of the difference between the power generated minus the power demanded at each bus
[14].

z Pgi — Pp; [W] (2.4)

Where:
Ng: Total number of buses in the PS
P¢i: Power generated at bus i

Pp;: Power demand at bus i
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+ Voltage deviation minimization at PQ buses

This Objective function aims to minimize the voltage magnitude deviation from a voltage

reference for each PQ bus in the system. This is an important index of security in a PS [15].

NpQ

> V| v e
i=1

Where:

Npq: Total number of PQ buses in the PS
V; [pu]: Voltage magnitude at each PQ bus in the PS

v/ [pu]: Reference magnitude voltage at each PQ bus (usually 1pu)

s Emissions minimization

This Objective function aims to minimize the total emissions in a PS, i.e., to reduce the
Green House Gases (GHG) emissions like so,. For this purpose, it is necessary to relate
the emissions with a PS variable; in this case, it is related with the power generated by

each generator P;; [12].

Ng
_[ton
Z (@;iPé; + BiPgi + vg) + §e’iFai [Tl (2.6)
i=1
Where:

a [%],31. [;‘;—:],ygi [“’T”],fi [:;—Z],Ai [%] Emissions coefficients
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2.1.2 Optimal Power Flow constraints

All the above objectives (single or combined) must to be minimized fulfilling a series of
requirements, these are the constraints in the minimization formulation (2.1.1 - 2.1.4). The

most common constraints are shown below.

% Equality constraints

These are nonlinear constraints, referring to the power flow equations.
n
PGi — PDi — Vi z V][GU COS(ei — 9]) + Bijsen(ei — 0])] =0 (2.7)

n
QGi — QDi — Vi Z V][GU Sen(ei — 9]) + BijCOS(Qi — 0])] =0 (259

—.
1l
[

Equations (2.7) and (2.8) mean that the difference between the generated power
P;i(or Q) minus the demanded power Pp; (or Qp;) at any bus "i" is equal to the sum of
the powers flowing toward the other "j" buses connected with bus "i". This is valid for both,

active and reactive power [12].
Where:

G;j[pu]. Conductance of the branch connecting buses "i" and ";"
B;;[pu]: Susceptance of the branch connecting buses "i" and "j"
Vi, Vj[pu]: Voltage magnitudes of buses i and j respectively

8;,0;[rad]: Voltage angles of buses i and j respectively

+ Inequality constraints

These are nonlinear inequality constraints bounding the control and state variables, i.e.

imposing limits in the PS operation [12].



Chapter 2 25

The set of constraints bounding the control variables (u) are the next:

The active power generated by each generator unit should be between the lower

and upper limits allowed by the machine, except for the slack bus generator.
PN < p.. < P9* € N — (Ngy) (2.9)

The voltage of each generator should be between the lower and upper limits allowed

by each machine.

Vi < Y S VI e N (2.10)

Constraints related to Transformers Tap Changers
Constraints related to shunt capacitor or reactors

Other constraints

The set of constraints bounding the state variables (x) are the following:

The reactive power generated by each generator unit should be between the lower

and upper limits allowed by the machine.
min max
i =0 =0 €ENg (2.11)
The voltage of each PQ bus should be between the lower and upper limits allowed.
min max

The power flow by each transmission line should be lower than the upper limit

allowed.
P, < leax EN, (2.13)

Other constraints.
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2.2 Energy storage systems and hybrid energy storage
systems

Electrical energy storage is a process in which electricity is transformed into another type
of energy that can be stored with the aim of converting it back to electricity when required
[16, 17]. There are several types of energy that can be used to store electricity; the main
ones are mechanical, electromagnetic, electrochemical, and thermal. Figure 2.1 shows a

general classification of the storage technologies [18].

Figure 2-1:  General classification of energy storage technologies.

ENERGY
STORAGE
TECHNOLOGIES

ELECTRICAL
MECHANICAL & ELECTROCHEMICAL THERMAL
MAGNETIC
- Pumped hydro - Supercapacitor - Hydrogen
- Compressed air - SMES - Batteries

- Flywheels

Mechanical energy storage refers to the process of converting electricity into mechanical
energy. The most representative technologies are:

» Flywheel energy storage system (FES) is a rotating mass that stores electricity
as mechanical kinetic energy. It works by accelerating the flywheel (located in a
vacuum container to eliminate the friction loss with the air), up to high velocities.
FES accelerates and decelerates when it is charging and discharging, respectively
[16, 17, 18, 19, 20].
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Compressed air energy storage (CAES) is a storage technology whose operation
is based on the operation of a conventional gas turbine generator. The energy is
stored in form of high-pressured compressed air, either in an underground cavern
or in a tank. When CAES is charging, it injects air into the storage vessel, instead,
when it is discharging, air and heat are delivered to generate electricity [16, 17, 18,
21, 22].

Pumped hydroelectric storage (PHS) comprises of two reservoirs; the upper
reservoir is higher than the lower one. When PHS is charging, water is pumped from
the lower reservoir to the upper reservoir and it is stored in form of potential energy.
When PHS is discharging, water flows down and takes advantage of the kinetic
energy of the large water mass to generate electricity like in a traditional hydropower
station [16, 17, 18, 23].

Electromagnetic energy storage refers to the process of storing electricity either in an

electric or magnetic field; later it can give the stored energy back to the PS. The main

technologies are:

Supercapacitor energy storage (SCES). They are also known as double-layer
capacitors or ultracapacitors. It is a technology that works similarly to traditional
capacitors; however, it is composed of electrochemical cells like in a battery, but no
chemical reaction occurs inside a SCES. Instead, the cells form a double capacitor,
more powerful than a traditional one [16, 17, 18, 24, 25, 26]

Superconducting magnetic energy storage (SMES) is a technology that stores
electricity in a magnetic field produced by a DC current through a superconducting

coil at cryogenic temperatures, aiming to avoid heat losses [16, 17, 18, 27, 28.]

Electrochemical energy storage refers to devices that take advantage of some chemical

reactions to store electricity and to deliver it to the system when required. The most

representative technologies are:

Hydrogen energy storage (HES) is an electrical storage method that uses
hydrogen as fuel to produce energy (one of the cleanest fuels in the world). Like
electricity, hydrogen must be produced and transported, but with a big difference,
hydrogen can be storable in big quantities. There are two methods to produce
hydrogen; the first method is through natural gas, the second method is through the
electrolysis of water [16, 17, 29, 30].
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Batteries energy storage systems (BESS) are a technology that operates based
on a chemical reaction that occurs in a cell powered by two electrodes (cathode and
anode) and plunged into an electrolyte. There are several batteries technologies,
each one bases its operation on different chemical reactions. Some of the best-
known technologies are Lithium-lon, Lead-Acid, Nickel-Cadmium, among others
[16, 17, 18, 25, 31].

Thermal energy storage is a form of storing electricity, which consists of heating or cooling

a storage medium (e.g. water, molten salts, among others), and then deliver the previously

stored energy to the system. In general terms, thermal storage is classified in low and high

temperature storage, depending on the temperature of the storage medium [16, 17, 32]

< Energy storage systems parameters

Energy storage technologies are diverse and different; however, from the PS point of

view, all technologies perform the same task, i.e., transform electricity into another type

of storable energy to store it, and then release it back to the PS when required. All kind

of storage technologies can be compared, taking into account several parameters; the

most common are [16, 17, 32, 33]:

Energy capacity is defined as the storage capacity of ESS, i.e., the total amount of
MWh that can be stored or delivered to the PS.

Power rating refers to how fast the storage device can be charged or discharged,
i.e., the rate of energy transfer per unit of time.

Efficiency is the relationship between the delivered energy and the energy required
to charge the storage device, i.e., it takes into account the energy losses in the
charge-discharge process.

State of charge (SOC) is the amount of energy available in a certain point of time,
i.e., it is a percentage of the energy capacity of the storage device.

Charge and discharge time refers to the time required to completely charge or
discharge the storage system, i.e., the ratio between energy capacity and power
rating of the device.

Acquisition cost depends on the cost per power rating ($/MW) and cost per energy

capacity ($/MWh), the sum of both is the total acquisition cost of the ESS.
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* Hybrid energy storage systems

A Hybrid energy storage system is a combination of two or more electrical storage
technologies with the aim of offer one or more services to a given system, for instance, a
PS. The idea is to take advantage of the strengths of each technology, to thereby overcome

the weaknesses that may have each technology [8].

The concept of hybrid energy storage is relatively new and arises as an extension of the
energy storage with a single technology. The purpose is to integrate several technologies
with supplementary features, aiming to solve the same problems that can be solved just
with a single storage technology, but more efficiently and reducing costs [34, 35].

The introduction of hybrid energy storage systems may become beneficial to power
systems, because of the supplementary characteristics of the different storage
technologies. Some of the advantages are the reduction in the PS operating cost, the
overcoming of a wider range of difficulties than with only a single ESS, and a better
integration of renewable energy than only with a single ESS [8, 34, 2].

In conclusion, the study of HESS is a current subject, which can provide solutions to several
of the PS difficulties. That is why HESS is an important technology for the development of
the modern PS with renewable penetration.



3.Hybrid energy storage system sizing
formulation

For this thesis, the main goal is to optimally size a hybrid energy storage system (HESS)
for a power system with renewable energy penetration. This means to properly find the
power rating [MW] and energy capacity [MWh] of both technologies.

The problem framework is embedded into a power system stationary context, thus the
sizing must take into account the effects of the power network. For this reason, the
formulation problem is based on the optimal power flow (OPF) problem.

3.1 Assumptions

The development of this thesis is based on the following assumptions, which are adopted

in the problem formulation:

e The proposed optimization problem is a single objective function throughout a
planning horizon. The formulation is done by dividing the horizon in a certain number
of scenarios N (a day); each scenario is divided in certain number of time steps
(N7), all of them with the same length of time (At) [37] equal to 10 minutes.

e The optimization problem is a cost function minimization; it consists of three parts
which will be explained in detail in section 3.2.

e For this thesis, it will only be considered a steady state problem, i.e., the modeling
of the power system is an electrical network operating in stationary state.

e The modeling of the HESS is a stationary state model, because the problem
formulation is a cost function minimization, and the cost per use (section 3.2.3) is
established as a part of the objective function.

o Dynamic models of the system and HESS are out of scope in this work, because of
the nature of the objective function, i.e., a cost function minimization, which involves

a steady state modeling of the problem.
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e Other possible benefits of the HESS are not taking into account in the problem.

3.2 Hybrid energy storage system model

It is necessary to model both long and short-term energy storage systems. Both
technologies are modeled as a generator unit, with the possibility of injecting negative

power, i.e., absorbs power. Moreover, each unit has a variable “energy” associated [38].

An energy storage system (ESS) can be seen like a water tank, with the possibility of being
filled or drained, i.e., a charge or a discharge from the point of view of an energy storage
device. The tank can be filled (or drained) at different rates, meaning that the time required

for completely filling (or draining) depends on the filling/draining rate.

The figure 3-1 illustrates the behavior aforementioned.

Figure 3-1: General modeling of an energy storage system.
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The figure shows a tank containing a certain amount of water that can increase up to the
upper limit, i.e., the available capacity. Similarly, it can decrease up to the lower bound, i.e.,
the bottom of the tank. The same behavior occurs in an ESS, whose energy stored must
be less or equal than the maximum storage capacity, and greater or equal than the

minimum storage capacity.

The water available in the tank at any time depends on the amount of water previously
stored, and the operation of the tap of the tank, i.e., the filling (or draining) rate multiplied
by the time of operation. Similarly, in an energy storage device, the energy available at any
time depends on the amount of energy previously stored and the power rate

(charge/discharge) multiplied by the time.

The mathematical model of the HESS has been stated in three different parts, which are:

= The behavior of the power, i.e., how the storage device is seen from the power
system perspective.

= The behavior of the energy, this means, which are the energy constraints in a
storage device.

= The relationship between power and energy, describing how the interaction of these

two variables is in a HESS.

A detailed explanation of the model is explained below.

3.2.1 Behavior of the power in a HESS

An ESS is a device with two possible operating ways: charge and discharge modes. The
model must include both options and it always must be able to relate them. Figure 3-2

explains the charging and discharging behavior in an ESS respectively.
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Figure 3-2: Behavior of an energy storage system when is A. charging and B.
discharging.
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When an ESS is charging, it can be seen as a load from the point of view of the system,
meaning that the system provides the energy necessary to charge the ESS. When an ESS
is discharging, it can be seen as a generator from the point of view of the system. Meaning

that the ESS provides energy to the PS.

Both, long-term and short-term ESS are modeled as explained above, i.e., the power
injected to the power system (or absorbed from it) at any scenario(s), at any time (t) must
be kept between the operation limits of the device. These limits are variables in the HESS
sizing problem and are given by the maximum power rating of each ESS at each bus "i"
where the ESS are installed [37, 14, 39, 40]. This behavior is described in the equation
(3.12).

{_pCLf < P/(s,t) < P¢L (3.1)

—PZ] < PPT(s,t) < P2

Where:
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= P{I[MW]: Maximum power rating for Long — Term ESS located at bus"i".

= P/ (s,t): Power injected (or absorbed) by Long — Term ESS located at bus"i", at
scenario(s), at time(t).

= P2 [MW] : Maximum power rating for Short — Term ESS located at bus"i".

= PT(s,t): Power injected (or absorbed) by Short — Term ESS located at bus"i", at
scenario(s), at time(t).

The above equations can be rewritten in a simpler way, resulting in the first equation of
the HESS model:

(i or< el "

|P?T (s, 0)| < P2

It should be noted that the power of a HESS (for any of the two technologies ESS-LT or
ESS-ST) could be less or higher than zero at any scenario(s) at any time(t) because of

the model used to describe the HESS power behavior (a load when it is charging and a

generator when it is discharging).

When the power PFT(s,t) (or P77 (s, t)) is greater than zero, the ESS — LT (or ESS — ST)
is discharging, and therefore it is injecting power to the system. Instead, when power
P (s,t) (or PP (s,t)) is less than zero, the ESS — LT (or ESS — ST) is charging, and

therefore it is absorbing power from the system.

3.2.2 Behavior of the energy in a HESS

The energy stored by the HESS at any (s) at any (t) should be less than the maximum
energy capacity for each ESS, which is a variable in the sizing HESS problem [37, 14,
39, 40].

{EiLT (s,t) < EFL 53

EfT(s,t) S B

Where:

. Eéf [MWh]: Maximum energy capacity for Long — Term ESS located at bus"i".
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=  ElT(s,t): Energy stored in the Long — Term ESS located at bus"i" at scenario(s)
at time(t).

. ng [MW h]: Maximum energy capacity for Short — Term ESS located at bus"i".

= ET(s,t): Energy stored in the Short — Term ESS located at bus"i" at scenario(s)

at time(t).

3.2.3 Relationship between power and energy in a HESS

The energy stored in the HESS at any scenario (s), at any time (t), depends on the energy
available at the previous point of time (t-1) and the operation of the HESS in the point of
time (t), i.e., the charge or discharge of the HESS. When the HESS is charged, the energy
available at the end of (t) is greater than at the end of (t-1). In contrast, when the HESS is
discharged, the energy available at the end of (t) is less than at the end of (t-1) [37, 14, 39,
40]. The equation (3.4) expresses this behavior.

{EiLT(s, t) = Ef7(s,t — 1) —nyr - At - P (s, ) (3.4)

EPT(s,t) = EfT(s,t — 1) — ngp - At - P37 (s, t)

Where:

= E!(s,t): Energy stored in the Long — Term ESS located at bus"i" at scenario(s) at
time(t).

= EM(s,t —1): Energy stored in the Long — Term ESS located at bus"i" at scenario(s)
at time(t — 1).

» 7n: Round-trip efficiency of the Long — Term ESS

= PM(s,t): Power injected (or absorbed) by Long — Term ESS located at bus"i", at
scenario(s), at time(t).

= At Length time duration between two consecutive time steps.

= ET(s,t): Energy stored in the Short — Term ESS located at bus"i" at scenario(s) at
time(t).

= ET(s,t — 1): Energy stored in the Short— Term ESS located at bus"i" at scenario(s)
at time(t — 1).

= 7n: Round-trip efficiency of the Short — Term ESS
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= P?T(s,t): Power injected (or absorbed) by Short — Term ESS located at bus"i", at

scenario(s), at time(t).

3.3 Objective function

The approach of this dissertation is to propose a single-objective function aiming to size a

HESS in a PS. For this purpose, the formulation is divided into three parts.

The first part minimizes the operation costs in a PS that includes a HESS, the second part
minimizes the investment cost in the HESS, and the third part improves the lifetime of the

HESS as much as possible. Below, these three parts are explained in detail.

3.3.1 Formulation part 1 — Generation costs

Part (1) of the formulation refers to the minimization of the generation operation costs of
the power system, which are based on the conventional OPF, but with the inclusion of
HESS in the system. The equation (3.5) describes this approach.

Ns [ NT Ng
Z Z At * Z a;P%(s,t) + b;P;;(s,t) + ¢; ||[$] Part (1) (35)
s=1|t=1 i=1

The idea is to divide the time horizon in a finite number of consecutive periods. A dispatch
(OPF) is carried out for each period considering the load and the wind power generation for
the particular period [37, 41, 42, 43]. For example, if the time horizon is a day and it is
divided into time periods of 10 minutes, this would represent 144 periods of simulation. The
formulation is extended if a longer time horizon is required, but the initial approach remains,
i.e., a day of operation is divided in several periods of length At; however, each day is

considered as a scenario of Ng scenarios.

This formulation discretizes the time horizon in several “blocks” of energy consumption
along the day, but the formulation solves the problem for a specific point of time in the
horizon. That is why it is necessary to multiply the generation costs [$/hr] times the duration
of the interval (At) [hr].
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3.3.2 Formulation part 2 — Hybrid energy storage system
investment cost
Part (2) refers to the investment cost in HESS, the idea is to take full advantage of the

HESS, but at a minimum investment cost.

The investment cost of any ESS is modeled by means of two costs. The first cost is per
energy capacity, i.e., a cost per each [MWh] of the technology; the other cost is for the
power rating, i.e., a cost per each [MW]. This implies that the cost of the HESS technology
depends on four parameters, the power rating and the energy capacity of both ESS-LT and
ESS-ST [44, 45, 46, 47, 48]. The equation (3.6) describes this approach.

Z E¢L - CE" + PLL - CET + E2L - T + PEl - C5TPart (2) (3.6)

. Eéf [Wh]: Maximum energy capacity for Long — Term ESS located at bus"i".

5

LT
" Ce | MWh

]: Cost of energy capacity for Long — Term ESS.

= P/T[W]: Maximum power rating for Long — Term ESS located at bus"i".

= CLT %] Cost of power for Long — Term ESS.

. ng [Wh]: Maximum energy capacity for Short — Term ESS located at bus"i".

=

ST
" Gk | MWh

]: Cost of energy capacity for Short — Term ESS.

= PET[W]: Maximum power rating for Short — Term ESS located at bus"i".

= C3T %] Cost of power for Short — Term ESS.

This part addresses the HESS sizing problem, because it includes the power rating and
energy capacity for both technologies (E£7; PE7; EZL; P2T) which are the variables of the

sizing problem that have to be found.
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It should be taken into account that investment (Part (2)) is limited, this mean that there
exist an available budget to purchase the HESS. This fact implies an extra constraint in the

overall problem, given by:

E¢h - C§T + PEL - CET + EZL - CET + P2l - €57 < Budget 3.7)

The above equation can be seen as a microeconomic problem with two baskets of goods
(ESS-LT and ESS-ST) and a budget constraint. If the entire budget is invested in one good,
e.g. ESS-LT, certain number (quantity) of LT technology can be acquired; therefore, this is
the maximum LT capacity that can be acquired with the available budget (the same occurs
in the case of ESS-ST) [49, 50].

3.3.3 Formulation part 3 — Hybrid energy storage system lifetime
improvement

Up to this point of the formulation, it has only been taken into account the operation of the
system and the HESS investment cost in the sizing problem. Although the HESS provides
a benefit to the system, the use of each part of the HESS implies its aging, leading to a
reduction in its lifespan. Each technology has its own lifetime, i.e., a different number of life
cycles. For instance, a Li-ion battery (ESS-LT technology) has about 10000 cycles, while a
supercapacitor (ESS-ST technology) has about 10° - 10° cycles [33].

The idea is to take full advantage of the HESS, while its lifetime is preserved as best as
possible. In this sense, an approach to tackle the HESS lifespan improvement is proposed

as a contribution in this thesis.

First, an approach to find the cost per use of both technologies is stated. The idea is to
formulate an expression that describes the reduction of the life cycles of any technology,
based on its use. Then, with the cost per use defined, an expression to include it in the

HESS sizing problem is formulated.
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+»» Cost per use of the hybrid energy storage system

Each energy storage technology has an investment cost and a cycle life; both of them
are characteristics of each ESS type [51, 52]. When an investor pays a certain amount
of money for an ESS, they are paying for all the available charge/discharge cycles.
Each time that a cycle is completed, one cycle less is available, i.e., there is a
depreciation of the device, which means that certain amount of the inversion already
has been used [53]. With this fact in mind, the cost per use of any technology is

calculated taking into account the following considerations.

o One entire cycle is a complete charge and discharge of the device. The process
has an efficiency known as round-trip efficiency [54], although it is neglected in
this work. Then, one cycle can be considered as two times the energy capacity
of the ESS.

lcycle = 2 x ESTOTHD (3.7)

o The above consideration is valid taking into account that, in the operation of the
system, the energy stored in the HESS is changing along the time. This stored
energy is modeled through the change in the limits, i.e., the charge limit (Pmin)
and the discharge limit (Pmax) change according to the state of charge for both
Long and Short-term ESS. These limits depend on the state of charge of the
HESS, i.e., the energy stored at any point of time and the maximum power rating
of the HESS (P7; PET). Equations (3.8) and (3.9) describe this approach [55].

Ef(s,t—1)—E,;
P, = min {( it ) min) ;Pé?} (3.8)
At '
E(s,t—1)—E
Ppin = max {( l ( At) max) ;T CL{} (3.9)

1 The cycle life is the number of complete charge/discharge cycles that the battery is able to
support before its capacity falls under 80% of its original capacity.
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Where:
* Enin =0 is the minimum amount of energy that can be stored by the
HESS.
*  Enaxe = ELT is the maximum amount of energy that can be stored by the
HESS.
= (3.8) and (3.9) has been written in terms of ESS-LT but they are also valid
for the ESS-ST.

o The cost per use of any ESS, i.e., equations (3.10) and (3.11), are calculated
taking into account that the investment cost pays for the full use of the

technology, i.e., for the total energy available in its cycle life.

LT ST Investment cost in the ESS $
cii(or C3F) = : (3.10)
' ' #life cycles cycles

Investment cost in the ESS
LT STY _
CU,i(or CU,i) =

(3.11)

Total energy available in all the cycles _Wh]

Where:
" Cf,ﬁ is the cost per use of the ESS-LT placed in bus "i"
" Cf;,Ti is the cost per use of the ESS-ST placed in bus "i"
= The total energy available in all the cycles is the life cycles multiplied by
(3.7).
o The cost per use of the HESS C}%(or C§%) is assumed to be linear, meaning

that regardless the charge (or discharge) is complete or not, this cost is
proportional to the MWh used. This is valid because the calculated cost

considers each MWh, regardless if the ESS is charging or discharging.
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* Incorporation of the cost per use of the hybrid energy storage

system in the sizing problem

Once the cost per use has been formulated, it must be incorporated into the formulation of
the sizing problem. Equation (3.12) addresses a way to include it into the problem. The idea
is to add and additional term (Part (3)), that quantifies the use of the HESS and therefore
improves the life of each of its storage components.

Ns Nt Np

Z Z Z At * |CEE + PET (s, 0) + 5%+ PFT (s, )] Part (3) (3.12)

s=1t=1i=1
With equation (3.12) the HESS sizing formulation is completed.

3.3.4 Statement of the hybrid energy storage system sizing
problem

Finally, after all the parts of the problem formulation were explained, sizing problem is

stated in equation (3.13).

MIN {(3.5) + (3.6) + (3.12)} (3.13)

Subject to:

. (2.7),(2.8),(2.9),(2.10),(2.11),(2.12), (2.13)
1. (3.2),(3.3),(3.4)

. (3.7)
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Where:

|.  Are the constraints related to the conventional OPF, i.e., with the power system

operation. They include equality and inequality constraints.

Il. Are the constraints related to the HESS model, i.e., the behavior of the HESS

along the time.

[1l. Is the constraint related to the budget available to invest in both technologies,

I.e., the amount of money invested in the HESS should be less or equal than the

available budget.

Table 3-1 summarizes the variables and parameters of the problem.

Table 3-1: Parameters and variables in the HESS sizing problem.

Part of the

formulation Description
SIZING OPTIMIZATION PROBLEM
EXY Main Variable (Sizing problem)
CLT Input Parameter
PY Main Variable (Sizing problem)
cLT Input Parameter
EZY Main Variable (Sizing problem)
CaT Input Parameter
P27 Main Variable (Sizing problem)
csT Input Parameter
Budget Input parameter
HESS
P (s, 1) Variable
P37 (s,t) Variable
E[T(s,t) Variable
E’T(s,t) Variable
GENERATORS
P;i(s,t) Variable
Ng Parameter
a; Parameter
b Parameter
C; Parameter
P & pIax Parameters
yin g ymax Parameters

LOADS AND PQ BUSES
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Load at PQ buses Input data
Renewable power
.p Input data
generation
V,Z’(‘fi"&VIZ’(‘z‘fx Parameter

LINES AND TRANSFORMERS

Lines impedance Z;, Input data
Transmission limit P;}"** Parameter
Power flow through lines Variable

P;;(s,t)
Transformer short-circuit Inout data

impedance X(;; P

OTHERS
Number of buses (Ng) Parameter
Ny Parameter
At Parameter

3.4 Optimization procedure

For the solution of the HESS sizing problem of equation (3.13), an exhaustive search

method was employed. This method involves the evaluation of the possible solutions in the

search space, through a sampling of the search space, until the global solution of the sizing

problem is found, i.e., the minimum of the objective function [55].

This technique was employed because of the nature of the problem, which aims to find the

best combination of LT and ST technologies, ensuring that the system operating cost plus

the HESS investment is as low as possible, and the investment is always less or equal than

the budget.

The flowchart shown in Figure 3-3 describes the procedure to solve the optimization

problem. It finds the value of the sizing variables for which the objective function

(3.5)+(3.6)+(3.12) is minimized while the constraints are fulfilled
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Figure 3-3: HESS sizing.

1 HESS sizing

Define:
Budget (B)
ST Cost(CST)
2 LT Cost(CLT)
Initialize:
LT=0 MW
ST=0 MW

If B2(ST*CST + LT*CLT) NO 3 L.I_S_T:I_c: 1

YES

7

Evaluation of YES S{CT* *
(3.5)+(3.6)+(3.12) If B2(ST*CST + LT*CLT)

NO

ST=ST+1

Minimum of

B (3.5)+(3.6)+(3.12)

Select LT and ST
9 for the minimum of
(3.5)+(3.6)+(3.12)

Optimal
HESS SIZE

1. The problem is initialized and all the required data are charged, e.g., load, wind
power, etc.

2. The budget and the investment costs of both technologies are defined; the size of
both technologies are also initialized in 0 MW.
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3. ltis checked if the budget is greater or equal than the inversion in the HESS. If this
is true the objective function is evaluated. If not, it is skipped to the fifth step.

4. The objective function is evaluated and stored with the aim of being compared to
other values of LT and ST.

5. STisrestarted to zero and LT is increased in 1 MW, with the aim of searching more
possible solutions.
ST is increased in 1 MW, with the aim of searching more possible solutions.
It is checked if the budget is greater or equal than the investment in the HESS. If
this is true, the objective function is evaluated. If not, this means that the minimum
of the objective function has been found.

8. The search space has been explored, and the minimum of the objective function
has been found.

9. After evaluating the search space, the values of LT and ST that give the minimum
value of the objective function are selected, i.e., the size of the HESS is completed.

10. Finally, the HESS sizing problem has been solved.

+» HESS Operation

For the development of the HESS sizing problem described in the above flow chart, the
operation of both technologies through the planning horizon is considered, i.e., the behavior
of ESS-LT and ESS-ST across the time.

A planning horizon of one year is assumed, and it is represented in a net average load

curve, described in detail in Chapter 4.

In the case of the ESS-LT, it only charges in time periods when the demand is lower than
the average demand in the net load curve, i.e., in the time periods of low demand.
Conversely, it only discharges in time periods when the demand is higher than the average
demand in the net load curve, i.e., in the time periods of high demand. This strategy is the

same for all cases in the search space, i.e., it is independent of the size of the ESS-LT.

The figure 3-4 shows as an example the previously described behavior of an ESS-LT. This
was made for a 2 MW of ESS-LT.
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Figure 3-4:  Operation of ESS-LT for 2 MW
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In the case of the ESS-ST, there are several charge and discharge cycles throughout the
day. The net load curve is analyzed as time progress, from the first time period to the last
one. The day is divided into several groups of time periods. For each group a charge occurs
in the period of low demand, and a discharge in the period of high demand. In this way, the
operation of ESS-ST is according to the variation of the demand. This strategy is the same

for all cases in the search space, i.e., it is independent of the size of the ESS-ST.
The figure 3-4 shows as an example the behavior of a 2 MW ESS-ST.

Figure 3-5:  Operation of ESS-ST for 2 MW
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In both cases, the ESS-LT and the ESS-ST, it is possible to implement better operation
strategies that optimize the operation of each technology in each point of the search space.
However, that type of study is out of the scope of this thesis, and it is proposed as a future

work.



4.Results and analysis

Up to this point, the mathematical formulation of the thesis has been stated, which
essentially is a way to address the sizing of a HESS in a power system with renewable
energy penetration.

In this chapter, the sizing formulation previously proposed is implemented in a test system.
Several simulations are carried out in Matlab along with Matpower, which is a toolbox of

Matlab for solving power flow and optimal power flow problems [56].

The optimization problem was solved based on the approach stated in figure 3-3 in chapter
3, which describes the HESS sizing problem, the procedure, and the optimization technique

used.

4.1 Test system

The proposed formulation for sizing a HESS in a power system is tested on the IEEE 14

bus test system. Figure 4-1 illustrates the single line diagram of the system.
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Figure 4-1: IEEE 14 bus system single line diagram. Adapted from [57].
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Tables 4-1 and 4-2 show the data of this power system.

Table 4-1: Generator parameters for the test system.

Bus location = a[$/MW/MWh] = b[$/MWh] @ c[$/h] Capacity [MW]
1 0.04303 20 0 3324
2 0.25 20 0 140
3 0.01 40 0 100



50 Sizing a hybrid energy storage system in a power system

6 0.01
8 0.01

40
40

Table 4-2: Branch parameters for the test system.

Branch = From @ To Resistance
(R)
1 1 2 0.01938
2 1 5 0.05403
3 2 3 0.04699
4 2 4 0.05811
5 2 5 0.05695
6 3 4 0.06701
7 4 5 0.01335
8 4 7 0
9 4 9 0
10 5 6 0
11 6 11 0.09498
12 6 12 0.12291
13 6 13 0.06615
14 7 8 0
15 7 9 0
16 9 10 0.03181
17 9 14 0.12711
18 10 11 0.08205
19 12 13 0.22092
20 13 14 0.17093

Reactance
(X)
0.05917
0.22304
0.19797
0.17632
0.17388
0.17103
0.04211
0.20912
0.55618
0.25202
0.1989
0.25581
0.13027
0.17615
0.11001
0.0845
0.27038
0.19207
0.19988
0.34802

100
100

Shunt
Susceptance (B)
0.0528
0.0492
0.0438
0.034
0.0346
0.0128
0

OO 000000000 oo

Ratio

e

0.978
0.969
0.932

H

PR R RRPRRRRR

For the development of the simulations, a planning horizon of one year it is assumed, i.e.,

365 scenarios according to the formulation in (3.5). Each scenario (one day) is divided in

144 steps, all of them with the same length of time At = 10 minutes.

A typical load profile is used. It is composed of 144 intervals of 10 minutes each one. The

system has wind power generation, which is considered as a negative load [58]. The figure

4-2 illustrates the net load of the system (load minus wind power). It is assumed that this

curve represents the average net load along the planning horizon, i.e., it is the average net

load in one year.
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Figure 4-2:  Net load of the system.
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4.2 Sizing of the hybrid energy storage system

For the development of the problem, the sizing of a HESS is analyzed. The idea is, given a
certain investment budget, to find the optimal investment in such a way that the HESS
investment cost plus the system operating cost be as low as possible, taking into account

the cost per use of the HESS.

It is used a Li-ion battery as the ESS-LT technology, which has about 10.000 life cycles and
18 years lifetime. A supercapacitor is selected as the ESS-ST technology; it has about 10°

life cycles and 20 years lifetime [33].

i, T e e
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The table 4-3 shows the acquisition cost for each technology. They are based on the cost

of power and the cost of energy capacity, as well as the discharge time duration [33, 4.5].

Table 4-3: Investment data of the HESS.

PARAMETER ESS-LT ESS-ST
Cost of power capacity [$/kW] 150 300
Cost of energy capacity [$/kWh] 300 1000
Discharge duration [h] 4 1/4
Investment cost[$/MW] 1’350.000 550.000

The investment cost is estimated based on equation (4.1), i.e., the cost of power and cost
of energy capacity are taking into account, as well as the discharge time duration. According
to the power rating and the discharge duration of the device, energy capacity is calculated
(power multiplied by time). Equation (4.1) shows the investment cost of the ESS-LT (which
is the same for the ESS-ST).

Investment cost (ESS — LT) = ELT - CET + PLT . CLT (4.1)

Where:

= ET[Wh]: Maximum energy capacity for Long — Term ESS
» CLT [MLWh] Cost of energy capacity for Long — Term ESS.
= PiT[W]: Maximum power rating for Long — Term.

. r [ $]. _
Cp [MW]. Cost of power for Long — Term ESS.

Three different cases are analyzed. The first case is the system operating without storage
systems, the second case is the system operating only with ESS- LT. Finally, the third case
is the system with the HESS.

4.2.1 Case 1 — System without energy storage systems

For this first case, the operation cost is analyzed when no storage device is operating, i.e.,
it is a baseline case for subsequent analyses. The investment cost is equal to zero because

there is not any ESS in the power system.
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It is assumed that the used load profile represents the average net load in one year, as it
was previously mentioned. Based on this fact, one year of the PS operation is analyzed,
and an operation cost of $20.198.324,00 was obtained using the procedure described in

section 3.3.

4.2.2 Case 2 — System with long-term energy storage system

For this second case, the behavior of the power system is analyzed when only an ESS-LT
is operating. For this case, the available investment budget is a variable, i.e., it takes
different values, and then it is estimated how much ESS-LT capacity can be acquired. The
operation cost in one year is estimated afterwards.

The table 4-4 shows the results. The first column is the available investment budget, the
second column is the acquired ESS-LT capacity, the third column is the investment cost,
which is the investment budget divided by the estimated lifetime of the technology in years,
the fourth column is the operation cost, and the fifth column is the objective function value
calculated after applying the model described in Chapter 3.

Table 4-4: Results when only ESS-LT is acquired.
BUDGET [$] LT [MW] INVESTMENT [$] OPER. COST [9] OBJ F
N/A 0 0 20.198.324,00 20.198.324,00
4.000.000,00 2 150.000,00 20.035.454,44 20.185.454,44
5.000.000,00 3 225.000,00 19.947.605,62 20.172.605,62
6.000.000,00 4 300.000,00 19.874.012,75 20.174.012,75
7.000.000,00 5 375.000,00 19.787.580,43 20.162.580,43
8.000.000,00 5 375.000,00 19.787.580,43 20.163.000,00
9.000.000,00 6 450.000,00 19.703.682,68 20.153.682,68
10.000.000,00 7 525.000,00 19.628.572,06 20.154.000,00
11.000.000,00 8 600.000,00 19.547.221,56 20.147.221,56
12.000.000,00 8 600.000,00 19.547.221,56 20.147.221,56

It can be seen how as the available budget increases, the acquired ESS-LT capacity
increases too, and the operation cost of the PS decreases. This means that the introduction

of the ESS-LT reduces the operation cost. The figure 4-3 illustrates this behavior.
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Figure 4-3:  Reduction of the operation cost of the PS as a function of the ESS-LT
capacity.
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4.2.3 Case 3 — System with the hybrid energy storage system

For this third case, the behavior of the power system is analyzed when a HESS is operating.
The idea is to find the best investment decision for the acquisition of the technologies ESS-
LT and ESS-ST taking into account the available budget. Again, the investment budget
gradually increases, starting at $2.000.000,00 until $12.000.000,00 in steps of
$500.000,00.

The table 4-5 shows the results. The first column is the available investment budget, the
second and third columns are the investment percentages in ESS-LT and ES-ST
respectively, the fourth and fifth columns are the ESS-LT and ESS-ST acquired capacity,
the sixth column is the investment cost, the seventh column is the operation cost, and the

eighth column is the objective function value.
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Table 4-5: Results when only ESS-LT is acquired.
BUDGET.[$] %LT %ST LT[MW] ST[MW] INVERSION[$] OP COST. [$] OBJ F
2.000.000,00 71 29 1 1 102.500,00 20.078.910,84 20.181.410,84
2.500.000,00 55 45 1 2 130.000,00 20.042.332,02  20.172.332,02
3.000.000,00 55 45 1 2 130.000,00 20.042.332,02  20.172.332,02
3.500.000,00 83 17 2 1 177.500,00 19.998.666,58  20.169.725,67
4.000.000,00 71 29 2 2 205.000,00 19.962.119,32  20.167.119,32
4.500.000,00 71 29 2 2 205.000,00 19.962.119,32  20.167.119,32
5.000.000,00 88 12 3 1 252.500,00 19.910.854,35  20.163.354,35
5.500.000,00 79 21 3 2 280.000,00 19.874.343,83  20.154.343,83
6.000.000,00 79 21 3 2 280.000,00 19.874.343,83  20.154.343,83
6.500.000,00 79 21 3 2 280.000,00 19.874.343,83  20.154.343,83
7.000.000,00 79 21 3 2 280.000,00 19.874.343,83  20.154.343,83
7.500.000,00 92 8 5 1 402.500,00 19.750.901,90  20.153.401,90
8.000.000,00 86 14 5 2 430.000,00 19.714.464,08  20.144.535,05
8.500.000,00 86 14 5 2 430.000,00 19.714.464,08  20.144.464,08
9.000.000,00 94 6 6 1 477.500,00 19.667.035,05 20.144.464,08
9.500.000,00 88 12 6 2 505.500,00 19.630.628,31  20.135.628,31
10.000.000,00 88 12 6 2 505.000,00 19.630.628,31  20.135.628,31
10.500.000,00 88 12 6 2 505.000,00 19.630.628,31  20.135.628,31
11.000.000,00 90 10 7 2 580.000,00 19.555.601,42  20.135.601,42
11.500.000,00 90 10 7 2 580.000,00 19.555.601,42  20.135.601,42
12.000.000,00 91 9 8 2 655.000,00 19.474.312,80  20.129.312,80

The figure 4-4 shows the investment percentage for ESS-LT and ESS-ST, according to the

available budget, i.e., the sizing of the HESS.
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It can be seen that the operational cost of the power system decreases when a HESS is
operating. With the increasing of the available budget, the operation cost decreases, as

well as the objective function value.

Moreover, given an investment budget, the operational cost of the power system with HESS
is less than the one of the system having only an ESS-LT. Similarly, the objective function

value has the same behavior, i.e., it is lower with HESS than only with ESS-LT.

In general, the introduction of the HESS in a power system brings benefits to the system,
since the operational cost is reduced, this can be seen in the reduction of the operation cost

as well as in the objective function.

With a greater available investment budget, it is possible to acquire a higher HESS capacity,

i.e., an increase in the budget leads to a higher reduction in the PS operational cost.

The Figure 4-5 shows the behavior of the HESS sizing, i.e., the evolution of the investment
in ESS-LT and ESS-ST as the budget increases.

Figure 4-5:  Behavior of the HESS sizing.
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It can be seen that the behavior of the ESS-LT investment is opposite to the ESS-ST
investment, since when the budget is increasing, it can be appreciated an increase in the
ESS-LT acquisition percentage, while the ESS-ST acquisition percentage decreases. In
general, the ESS-LT brings more energy to the system than the ESS-LT. That is why always
the investment is bigger for the ESS-LT than for the ESS-ST.

+ Reduction in the acquisition cost of the energy storage short-

term technology.

In this case, the gradual decrease of the acquisition cost of the ESS-ST is simulated, while
the acquisition cost of the ESS-LT remains equal. The idea is to verify how sensitive is the

HESS sizing when the ESS-ST costs are dropping, as it is expected to be in the future.

The figures 4-6 and 4-7 show the variation of the investment percentage for both
technologies when the acquisition cost of the ESS-ST is decreasing, i.e., the variation of
the HESS sizing.

Figure 4-6: Behavior of the HESS sizing for $4.000.000,00 budget, when ESS-LT
acquisition cost remains equal, and ESS-ST acquisition cost gradually decrease.
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Figure 4-7: Behavior of the HESS sizing for $8.000.000,00 budget, when ESS-LT

acquisition cost remains equal, and ESS-ST acquisition cost gradually decrease.

100,00

90,00

80,00

70,00

60,00

50,00

40,00

INVESTMENT PERCENTAGE

30,00

20,00

10,00

0 5 10 15 20 25
PERCENTAGE DECLINE IN THE ACQUISITION COST OF ST

—LT ST

It can be seen a change in the HESS sizing, since the investment percentage in the ESS-
LT and the ESS-ST changes when the ESS-ST acquisition cost decreases. When the ESS-
ST acquisition cost decreases, the ESS-ST investment increases, and the ESS-LT
investment decreases because the ESS-ST cost becomes low compared with the ESS-LT
cost, i.e., the ESS-ST becomes cheaper than the ES-LT. Therefore it becomes more
convenient for the power system to acquire more ESS-ST capacity instead of ESS-LT

capacity.

30



5.Conclusions and future work

The present research work develops a proposal for sizing a hybrid energy storage system
in a power system. The aim is to minimize the operational cost of the system plus the

investment cost in HESS, considering the cost of using the different storage technologies.

5.1 Conclusions

The operational cost of the power system decreases when a long-term energy storage
system is implemented, compared to the operational cost when no storage is available.
Moreover, if a hybrid energy storage system is implemented, the operational cost is less

than the case when there is only a long-term energy storage system.

For a given available budget, the higher proportion of the investment is always dedicated
to the ESS-LT because this technology provides more energy to the power system.
Conversely, the lower proportion of the investment is dedicated to the ESS-ST, because
although this technology provides less energy compared with the ESS-LT, its cost per use
is less than the ESS-LT.

In the analyzed test case, for an investment budget of $4.000.000,00, the investment
percentage on ESS-ST rises from 30% to 58% when the investment cost of ESS-ST is
reduced in 15% of its original value. Conversely, the investment percentage on ESS-LT
decreases in that scenario. The very same behavior occurs for an investment budget of
$8.000.000,00. In this case, when the investment cost of ESS-ST decreases in a 15%, the
investment percentage rises from 14% to 82% and the ESS-ST investment percentage
decreases. This happens because when the purchase costs of ESS-ST are decreased
enough for the sum of the investment costs in the HESS plus the operation costs to become

less when one invests more in ESS-ST than in ESS-LT.

A methodology for designing a Hybrid Energy Storage System was developed, taking into

account technical and economic aspects in the formulation.
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The concept of "available budget" was included in the proposed sizing problem.

It was possible to include the concept of "cost per use" in the proposed methodology of
sizing a HESS.

It was demonstrated that the steady state modeling of the problem was enough to solve the

research problem; however, it is proposed the use of dynamic state models in future works.

5.2 Recommendations

The development of the topic of the hybrid energy storage system in power systems is still
incipient, and the available literature is reduced. Therefore, there are several potential

topics to be developed in the future.

For instance, a researcher may include other objectives in the problem formulation in
addition to cost minimization, with the aim of analyze the HESS sizing when several
objectives are taking into account.

Another area is to include in the sizing problem other conditions different to the steady-state
condition of the power system; for instance, to quantify the benefits in transient stability,

frequency oscillations, among others.

Finally, the optimal operation of each technology of the HESS can be studied, i.e., to
investigate the best way of operating the HESS in the planning horizon for each point of the

search space, aiming to fulfill one or several objectives functions in the HESS sizing.
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