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ABSTRACT

Due to the global environmental concerns, increp
energy demands and developments in renew
energy technologies present a new opportunit
implement renewable energy sources. \\energy is
the most prominent among renewable sources, a:
an inexhaustible resource and its exploitationthas
far been ecologically friendly. The potential amb
of wind energy is considerably greater than cur
worldwide energy demands. Windhergy has bee
developing more rapidly than the other renew:
energy sources for the last few decades. The beg
to harvest the wind energy is wind turbines. 1
paper presents a study on wind energy in the fdrar
stand-alone and hybrid power gesi&on system use
to electrify offgrid locations. The staralone wind-
diesel system developed here is intended to betos
power a single house or a small community andst
functions as a mingrid, generating power in plac
where adequate windpsed is available throughc
the year. However, many places throughout the w
experience unsteady amounts of wind speed ai
those places, a hybrid wirdlesel system is the mc
efficient solution for electrification. The main roefit
of the hybrid gstem is that the weakness of ¢
source is covered by the other source. This pdpeil
presents some comparative case studies, pi
examples and demonstrations of s-alone wind
diesel hybrid systems implemented at vari
locations throughout the avid over the last twelv
years.

Keyword: Battery energy storage system, Micro grid,
Freguency control, Sngle-phase inverter

l. INTRODUCTION

Wind energy has achieved rapid development
growth. According to the estimation of Internatib
Energy Agency (IEA), the annual wi-generated
electricity of the world will reach 1282 TW h |

2020, nearly 371% increase from 2009. By 2030,
figure will reach 2182 TW h almost doubling the y«
2020 production [1]. Due to the intermittent natofe
wind power, the wind power integration into pov
systems brings inherent variability and uncertai
The impact of wind power integration on the sys
stability and reliability is dependent on the peakbn
level [2]. From the reliability perspective, ateative
low penetration level, the r-load fluctuations are
comparable to existing load fluctuations [3], ahé
Conventional Generators (CGsuch as thermal or
hydro units, have sufficient load tracking capabpi
without requiring additional operating reserve. the
wind penetration level increases, the response ¢ih
committed CGs should be short enough during su
and large changes of md power production and lo:
due to random failures and wind gusts, and n
operating reserves will be required. From the &tgt
perspective, different from synchronous genera
Wind Turbine Generators (WTGSs) provide only sn
or even no contributn to frequency stability [4]. Th
wind power variation can also degrade the
voltage stability due to the surplus or shortage
power [5]. An Energy Storage System (ESS) has
ability of flexible charging and discharging. Ret
development and adwnces in the ESS and pov
electronic technologies have made the applicatic
energy storage technologies a viable solution
modern power application [6]. The poten
applications mainly cover the following aspel
Through timeshifting, the poweigeneration can be
regulated to match the loads. The ESS can als
used to balance the entire grid through ancil
services, load following and load leveling [
Moreover, it can meet the increasing requiremer
reserves to manage the uncertaintwind generation
[8] which can increase the system opera
efficiency, enhance power absorption, achieve
cost savings and reduce CO2 emissions. Additioy
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the ESS is a potential solution to smooth out
fluctuations, and improve supply contiry and
power quality [9]. For a specific application, thest
task of an ESS project is planning. It gener
includes the type selection and size determina
Sometimes, the ESS siting also needs to
considered. Several factors, such as techniatures,
economical cost and local wind power charactess
can influence the ESS selection [10]. Once a sige
ESS type is chosen, the optimal sizing needs t
done by balancing the benefits and cost. If theee
no geographical constraints, the S could be
optimally installed to achieve the maximum ben:
mainly in the reduction of transmission sysi
upgrade cost. The operation and control strategfi
the ESS are designed for different applica
purposes. The recent studies mainly focus the

coordinated control of wind farms and-site ESSs.

The shortterm (daily or hourly) dispatch schemear
ESS and fluctuation smoothing by a w-out filter
are the two attractive areas. It is also propose
combine many dispersed ESSs as a virtitorage
unit and control centrally [10]. Since the ESS i

Energy Storage

—

expensive solution, it is not economically viabte
the ESS to work for a single application serviteah
also contribute to the system wide con

. ENERGY STORAGE TECHNOLOGIES
The electrcal energy can be stored in different ene
forms: mechanical, elec-chemical, chemical,
electromagnetic, thermal, etc. [3,7]. The clasatfan
of energy storage technologies according to theed
energy form is illustrated in Fig. 1.There are gus
characteristics of the ESS required to be takea
consideration for different applications, includi
capital cost, power and energy rating, power
energy density, ramp rate, efficiency, responset
selfdischarge losses, and life and cyclee [11,12].
The overview of the capital cost and the techr
features of the ESS is listed in Tables 1 ant
respectively. The technical details of the ESS
been described in many literatures [10,11,13,14
short description of the principles ancotential
capability of several commonly used ESSs for v
power integration support is presented in thisiges
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Fig.1. Energy storage classification

A. Pumped storage

Pumped Hydro Storage (PHS) The PHS is the lal
and most mature energy storage technology avai
[15]. It represents nearly 99% of the worldw
installed electrical storage capacity with over G\
[10, 16]. The conventional PHS consists of two w
reservoirs. The water body at the relatively
elevation represents the potential or stored en
During offpeak hours, it pumps water from the lov
reservoir to the upper one, considered as a cla

process. In the discharging process, wifrom the
upper reservoir is released and flows through h
turbines which are connected to generators, prodt
electrical energy [14]. As illustrated in Table tBe
PHS has the largest power and energy rating,
lifetime, high efficiency and verymall discharge
losses. The main applications of the PHS for v
power integration are energy management via-
shifting, frequency control and n-spinning reserve
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supply. Due to the slow response, the PHS is
suitable for suppressing wind fluctuins. The
installation of the PHS is dependent on geograp!
conditions and has an impact on the na
environment. Therefore, the flexibility of i
application is low. The economic benefits of theS
combined with Wind Farms (WFs) are described
analyzed in [1718] shows that the hybrid PI-WF
system can meet the hourly energy dernr

B. Compressed Air Energy Storage (CAES)

The CAES is a technology known and used since
19th century for different industrial applicatiofig].
Electrical compressorare used to compress air
store it in either an underground structure (salecn,
abandon mines, rock structures) or an a-ground
system of vessels or pipes. When needed,
compressed air is released and mixed with natas
burned and expaed in a modified gas turbin
Current research on the CAES is focused on
development of systems with fabricated storagest
which will remove the geological dependency and
compressed air will be stored with higher pressBo
far, there are onlywo CAES units in operation. The
are located in Huntorf, Germany and Maclntost
Alabama, USA [19]. There are several CAES u
which are either planned or under construction .|
From Table 2, it is shown that the high power
energy capacity ratqhn makes the CAES anothk
choice for wind farms for the energy managen
purposes, similarly to the PHS. The storage pearat

be over a year due to very small -charge losses

[11]. However, the CAES installation is also linaii
by topographical conditions.

C. Flywheel Energy Storage (FES)

The first generation of the FES has been avall
since 1970s which uses a large steel rotating looc
mechanical bearings. In the FES, the rotationatggr
is stored in an accelerated rotor, a massive naf
cylinder [10]. The main components are a rota
cylinder (comprised of a rim attached to a shafta
compartment, bearings and a shaft. The w
structure is placed in a vacuum enclosure to re
wind age losses. During the charging process,
rotor is accelerated to a very high speed which
reach from 20,000 to over 50,000 rpm. The ener
stored in the flywheel by keeping the rotating bad
a constant speed. During the discharging prochs:
flywheel releases energy and drives the machira
generator. The main advantages of flywheels are
excellent cycle stability, a long life of providirgll

chargedischarge cycles, little maintenance cost, |

power density and high efficiency. The FES is ma

applied as a power quality device tuppress fast
wind power fluctuation, provide ri-through of
interruptions of several seconds or bridge thet

between two sources [11]. Besides, it is also desl

to provide damping enhancement [21]. The n

drawbacks are the short operation dun and high
selfdischarge losses. They are considered ¢

support for wind turbines in combination with otl

ESSs rather than standing alone |

Table 1. Capital cost of E:

Capital cost

S (kw) § (kW h) £ (kW h-per cycle)

PHS 600~ 2000 5-100 0.1-1.4
CAES 400-8000 2-50 2-4
FES 250-350 1000-5000 3-25
LA 300-600 200-400 20-100
NiCd 500-1500 BOD-1500 20-100
Li-on 1200--4000 600-2500 15-100
Nas 1000-3000 300-500 B-20
VRB BO0-1500 150-1000 5-B0
ZnBr 7002500 150-1000 5-80
FC 10,000+ - B000-20,000
SC 100-300 300-2000 2-20
SMES 200-300 1000~ 10,000

D. Battery Energy Storage System (BESS)

The BESS stores electricity in thorm of chemical
energy [22]. A conventional secondary batt
consists of a set of loweltage/ power battery cel
connected in parallel and series to achieve a et
electrical characteristic. Each cell is made upau
liquid, paste or solid electroe together with anode
and cathode [11]. A battery is charged by an irate
chemical reaction under a potential applied to |
electrodes. The reaction is reversible and let
battery deliver the absorbed energy for discharg
So far, various types adecond batteries have be
developed for commercial use, including Lead £
(LA) battery, Nickel Cadmium (NiCd) battery, Nick
Metal Hybrid (NiMH) battery, Lithium lon (l-ion)
battery and Sodium Sulphur (NaS) battery.
illustrated in Table 2, as a ole, secondary batteries
have very rapid response tir

E. Superconducting Magnetic Energy Storage
(SMES)
The SMES consists of superconductive coil, po
conditioning system, refrigerator and vacuum [
The energy is stored in the magnetic field creiby
DC current circulating through a superconductiniy
[10]. In order to avoid the losses caused by threcot
flow, the coil is kept in the superconducting stdtee
SMES has very rapid response. The power requ
is available almost instantaneot [10]. The SMES is
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very promising as a power storage system for
leveling or a power stabilizer [24,25]. The SMES$
be incorporated into a back to back DC link [25]
this case, a back-toack system is used as a po
conditioning system for the MES coils. It is alsc
utilized by the coordination with wind farms f
power quality improvement [24,288] and dynamit
stability enhancement [21,29]. However,
superconductive coil is very sensitive to tempeaes
changes. The operational reliabilitys crucially
dependent on the refrigeration system. Up to r
only a few SMES with small capacity are availe
for commercial use.

F. Super-Capacitor (SC)

Great progress has been achieved in the cap.
storage technologies. Instead of the comi
arrangement of a solid dielectric between
electrodes, an electrolyte solution is placed betv
two solid conductors for the SC. Compared v
conventional capacitors, it has much lar
capacitance and energy density, thus enablir
compact design [1,11]. The SC has nearly unlimit
cycle stability as well as extremely high pov
density, and fast charging and discharging du
extraordinarily low inner resistance. Other advgat
are durability, high reliability, no maintenanceng
lifetime, andoperation over a wide temperature ra
and in diverse environments. They
environmentally friendly and easily recycled
neutralized. The efficiency is typically around 9
and the discharge time is in the range of secoo
hours. The current resead for wind powel
integration support focuses on the power levelifi
wind farms [30], coordination with batteries i
smoothing fast fluctuations [31]. Other E
technologies, including Fuel Cell (FC), MeAir
(MA) battery, Solar Fuel, Cryogenic Eny Storage
(CES), Synthetic Natural Gas (SNG) and Ther
Energy Storage (TES) are either still un
development or technically developed, but still
widely used. The technical maturity of differenpé&g
of ESSs is shown in Fig. 2. Different applicins
require different technical features of the ESS.oAm
them, energy and power ratings are the two
factors. In [10], a comparison of several stor
technologies based on these factors is illustrated
double-logarithmic chart (Fig. 3).

1. ESS APPLICATIONS FOR WIND
POWER INTEGRATION SUPPORT

The ESS applications related to wind po
integration can be summarized and categorize
terms of roles it plays for different stakeholdeise
wind farm owner, the grid operator and the ene

consumer.

A. Generation-siderolesof ESS

The main challenges with wind power integration
power intermittency, ramp rate and limiting wi
farm output [32]. The generati-side role of the ESS
aims to improve the grifiiendliness of the wind farr
to dispatch wind mergy such that they can
controlled like conventional power plan
Additionally, it shall be controlled to effective
utilize limited transmission capaci

1. Timeshifting

Due to the stochastic characteristic of wind, w
power production i€onsidered as a n-dispatchable
resource and sometimes it demonstrates ar-peak
feature, e.g. high wind power during -peak demand
or low wind power during peak demand. The ti
shifting is to store extra wind energy during pdsmf
low demand andtands ready to dispatch energy
the grid during periods of high demand [7]. 1
benefit of storing electricity is expected to begkx
with the large gap of demand between peak an
peak. To fulfill the time shifting function, lar¢
guantities of mergy for significant periods of tin
(from hours to days) are required for the ESS itgc!
Besides, the storage efficiency is another keyofatct
be considered for the economical operation of 1
shifting, as significant losses occur for an ir@ént
storage system.

2. Output smoothing

The inherently variable nature of wind power 1
cause fluctuations in frequency and voltage [7]e
ESS can be used to smooth out these fluctuatio
keep the system stable. Accordingly, the outputegy
of the ESSeeds to be rapidly regulated for absork
the excess energy during output spikes and relg
energy during output drops. Therefore, the ram
capability is very important for the smoothi
function. The output smoothing atthe plant le
reduces theneed for power quality and ancilla
services at the system level [:

3. Transmission utilization efficiency

Rich wind resources are often located in rural &
far from existing high capacity transmission lit
[34]. Due to the transmission constra, the energy
produced may not be transferred to the I

@ IJTSRD | Available Online @ww.ijtsrd.con | Volume —2 | Issue — 6 | S@pt 201!

Page: 287



International Journal of Trend in Scientific Res#aand Development (IJTSRD) ISSN: 2-6470

Additional ESS can mitigate transmission conges
defer or avoid transmission and distribution upge

B. Grid-siderolesof ESS

Currently, the ESS is required by the grid operaix
provide awmillary services to mitigate the variabili
and uncertainty of the entire grid, rather thancgpme
loads or wind farms. These applications are liste
Table 3. Due to the geographical distribution ohgh
resources, the net variability and uncerte are less.
Therefore, the need of the overall service is redi
[7].

1. Energy arbitrage/load leveling

In the electricity market, the electricity priceries

from time to time, normally hourly [14]. The ESSx
be used to store low-cost gikak energy ar releases
when the price is higher. It can reduce market

exposure to volatile opeak prices and manage h
cost energy imbalance charges [35].

2. Frequency regulation

Modern wind farms are required to provide freque
regulation by the grid operatoWith high wind
penetration level, providing frequency responsent
a wind farm is technically feasible by utilizi
additional droop control. However, it may cal
fatigue of wind turbines and instability proble
[36,37]. An effective solution is these of the ESS
For the primary frequency control, a local drc
control loop can be added to the active po
controller of the ESS. The droop control aims
produce an active power output change whicl
proportional to the frequency deviation [38]. Fthe

secondary frequency control, the active po
command is generated by the centralized Auton
Generation Control (AGC).

3. Inertiaemulation

The grid inertia reduces frequency variability i
makes the grid less sensitive to sudden gener
changes. The instantaneous inertial respoi
determines the Rate of Change of Freque
(ROCOF) [4]. The addition of the ESS col
significantly increase the apparent inertia of &l.
The supplementary loop can be added to the a
power control of the ESS.

4. Oscillation damping

In an interconnected system, sudden changes ofrf
in tie line might cause oscillations with frequer
range between 0.5 and 1 Hz [14]. It may furtheulte
in synchronism loss of several machines. Applice
of a damping controlleisian effective control scher
to simultaneously handle the inherent po
fluctuations and enhance system stability for gd;

wind farm [26]. The SMES and FES are utilizec
[21,29] to damp the system oscillation. The-line
power deviation is used a feedback signal to
generate the phase component of the conv
control.

5. Voltage control support

The wind power variability can degrade the ¢
voltage stability [5]. The installed ESS can pra
adequate reactive power to maintain the local ge
level. This service can be obtained by the fullles
converter connected to the grid [

6. Low Voltage Ride Through (LVRT) support
WTGs should have LVRT capability to rem:
connected during severe grid faults specified bg
codes [36]. Furthermer some gird codes require tl
WTGs supply up to the maximum reactive curl
during such faults. The converter should draw
power to compensate for the switching los
associated with provision of the reactive pov
During severe faults, no powean be drawn from the
grid. As a result, the DC voltage falls and
converter switches are blocked. For such cases
ESS can support the DC voltage during the fe

7. Reserveapplication

Due to the forecast error of wind power, additic
reserves i@ required for emergency support. Base(
the response timethe reserve can be generally
classified into primary, secondary and terti
reserves [14].

8. Emergency power supply/black start

The ESS may be used to restart from a-down
condition withait the assistance from the electri
grid and energize the power system in the evert
catastrophic failure [7,14].

9. Transmission utilization efficiency

The ESS can help grid operators efficiently use
transmission system capacity, defer transion
system upgrades to reduce transmission costs
mitigate local dependency challenges of wind pc

C. Demand-siderolesof ESS

Most existing ESS applications for energy consur
are more related to meet the energy needs rathe
solving particularchallenges related to the integrat
of largescale RES [39]. Only one application ha
significant support for the wind power integrat
support: Vehicle-Tdarid (V2G) [7,40]. Due to th
aggregation effect of many Electrical Vehicles (f
plugged inb the grid, these EVs can be considere
a Virtual Power Plant (VPP) with relatively lar
capacity. This EV VPP (EVPP) has to fulfill t
requirements of both vehicle owners and
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operators. Since all the EVs are controlled as aley
individual vehcles will not be locked in the chargi
station and its owner has the full convenience.
grid operator can treat this VPP as a provide
ancillary services [41], such as ti-shifting,
operation reserve, and frequency regulation. Sp
many effortshave been made to investigate the E)
feasibility and possible architecture [42]. Onadimed
project is the EDISON project financed by the Dhi
TSO —Energinet, DK. The Danish island, Bornhol
was used as a test site. It aims to coordinategoiwg
and discharging of EVs in order to optimize

utilization of wind energy in the island grid. Senthe
ESS is an expensive solution, it is not economjc
viable for the ESS to work for single applicat
service. In [43], the installed ESS is mainled for
output smoothing. It can also contribute to sys
wide control such as frequency regulation

oscillation damping. In [36], the applied BESS Has
ability to provide both frequency response seraod
energy time shifting.

IV. CONCLUSIONS

The ESSis considered as an effective solution
handle the reliability and stability challengesfutiure
power systems with large scale wind po
integration. Various ESSs with different techni
features are available in the market. The ESS%ei
used fordifferent applications required by speci
wind farms, grid operators or consumers. For
generation sideit can aim to improve the g-
friendliness of wind farms to dispatch wind ene
such that they could be controlled like conventic
power plants. For the griside roles of the ESS, it ci
provide ancillary services to mitigate variabiliaynd
uncertainty of the entire grid. For the dem-side
roles, the aggregated EVPP can fulfill
requirements of both vehicle owners and
operators. Fothe ESS planning, it is important
properly select the ESS type, and determine the
and site of the ESS. The size of the ESS, inclu
both power and energy capacity, can be detern
by several methodologies, including the methoc
using historial wind profiles, the probabilist
method based on wind power forecast error, etc.
sizing problem can be formulated as an optimize
problem with different cost functions. The sitin§
the ESS without topographical limitation can
installed either orsite or other locations to achie
high controllability. It shows the nodes at the e
the middle of crucial transmission lines have hic
impact on the congestion management.
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