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Storage Systems

©  The renewable energy systems such as wind, solar, etc. are totally dependent on
meteorological conditions. Therefore, there can occur great changes in power
production of these resources seasonally, daily and even instantly. This issue results in
unbalance between the produced and consumed electrical energy.

* In order to supply the energy requirement in all conditions, energy storage units play an
important role. The excess energy generated by the renewable resources is transferred
to energy storage units and this stored energy is then used to supply the load demand
when the main power sources are not existent or not sufficient.

- Especially for stand-alone systems (no power grid existence) the research and

ination on energy storage units show significant importance.

- Energy storage technologies can be electrical or thermal. There is an electrical input-

output for electrical energy storage systems while a thermal input-output exist for

thermal systems.

The mentioned electrical energy storage systems can be in form of electrochemical

(battery, etc.), kinetic (flywheel, etc.) or potential (pumped hydro, compressed a, et

There are also different technologies used for thermal energy storage.

Electrical Energy Storage Systems:

Ultracapacitors:
* Nano-technology! This means so much greater Farads in significantly small
areas compared to conventional capacitors.

They have significantly high power
densities that is an important advantage
for structures like electric vehicles.

The cycle life of ultracapacitors is
assumed infinite.

Operating temperatures have very limited
impact on performance compared to
batteries.

* However, they have significantly lo
energy densities.
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Electrical Energy Storage Systems:
Batteries:

Batteries are the most mature technology of storing electric energy in chemical form.
Batteries are classified as (primary) and (: )
batteries. Below s the diagram of charge-discharge of a secondary battery.

Batterytechnologies:
Lead-Acid Batteries
Nickel-Cadmium Batteries
Sodium-Sulphur Batteries
ZEBRA Batteries.
Lithium-lon Batteries, etc...

Batteries have higher energy densities than
many storage types. However, many batteries
are prone to operating temperatures, charge
discharge cycles, lower power densities, etc.

Storage Systems

Electrical Energy Storage Systems:

Flywheels:

Flywheel is a rotating mass in one axis that stores electric energy mechanically in kinetic

energy form.
2y « Charging for flywheels means
I producing  mechanical ~rotating
Beaing energy via excess electrical energy

otor Generator
in motor mode.

Radial Magnetie * Discharging for flywheels means

Bearing slowing down the rotating mass
to generate electricity in
generator mode.

Housing « The biggest problem is the self-

discharge in idle mode!

Thus they are more suitable for

short term storage rather th

long term.

Composite Rim

Touchdown
Bearing



Storage Systems

Electrical Energy Storage Systems:
Othermethods:

+ Hydrogen energy storage
+ Pumped-hydro energy storage
+ Compressed-air energy storage

Storage Systems

(losses in idle mode)

Miain Adv Potential Areaof Use
Battery The most matureenergy | Short cyclelife Electric vehicles, portable
storage technology appliances, low power
renewable energy systems
[ Long cycle ife Low energy density Electricvehicles
Flywheel High power density. High self-discharge Grid integration of

renewable energy systems,
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some space applications

Pumped-hydro and
compressed air

Possibility of storing
extremely high amounts
of energy

Required terrain
conditions

Significantly high power
renewable energy systems

Enerji Depolama Sistemlert Enerji Depolama Sistemleri

Supercapacirars THP” High Power
Energy Storage . ' ‘HE; High Energy:
; 1000} B |
« Energy density E TN
» Power density £ N
= Cell/module management ‘E 100k - N\Cd(ﬁ@.?ﬁ.\m (HE} 4
« Thermal management z :
= Control and power management . :
- Life cycle time o 30 Too 50
= Self discharge Specific Energy [Whike]
= Efficiency, charging, safety Fig 4. versus NCd, NiMH
« Recycling 3 nndL- mmwyﬁmmsm [‘u‘npn:y
arak ifade edilmektedir.

FUELL CELL

BATTERIES.

-

SUPERCAPACITIES
capacITIES.

Enerji Depolama Sistemlert
Energy Storage Efficiency
Energy Storage Options. Efficiency
Pumped-Hydroelectric Storage 70% - B0%
Compressed Air Energy Storage 5%
‘Superconducting Magnetic Energy Storage 8%
Flywheel Energy Storage B0% - B5%:
Super Capaciors Energy Storage ?
Battery Energy Storage. 60% - B0%
Hydrogen Energy Storage 60% - B5%
nerji ve
2



Mawent nergy Storage Technolol

+ Batteries:
+ wery high energy density
- bad cycling stability / lifetime
Low peak power

Flywheel Storage:

+ high energy density

- bad cycling stability / lifetime
~ expensive

— low peak power

Ultracapacitors
+ high energy density and peak power
+ promising price development
+ high numbers of cycles / lifetime (1.5 M cycles, >10yr)
+ simple technical system (reliability)

— Ultracapacitors are optimal technology

Batarya Sistemleri

Crrate Time
sc 12 min
e and discharge rates of a battery are governed by 2 30min
. The capacity of a battery is commonly rated at 1 1h

meaning that a fully charged battery rated at 1Ah
Id provide 1A for one hour. The same battery
harging at 0.5C should provide 500mA for two hours,
at 2C it delivers 2A for 30 minutes. Losses at fast
harges reduce the discharge time and these losses
affect charge times.

0scorc/2  2h
02Corc/s  Sh
01CorC/10  10h
005Cor C/20  20h
rate of 1C is also known as a one-hour discharge; For 1Ah Battery
or C/2 is a two-hour discharge and 0.2C or C/5is a

i discharge. Some high-performance batteries can

arged and discharged above 1C with moderate
. Table 1 illustrates typical times at various C-rates.

Of Discharge Voltage
lead acid, the end-of-discharge is typically 1.75V/cell, for

=t

itage of the nominal rating will show 100 percent. If the Diachangs Tma k) i
harge lasts 30 minutes before reaching the end-of-
harge cut-off voltage, then the battery has a capacity of 50  figure 2: Typical discharge curves of lead

it. A new battery is sometimes overrated and can acid as a function of C-rate.

e more than 100 percent capacity; others are Smaller batteries are rated ata 1C

rated and never reach 100 percent, even after priming.  gischarge rate. Due to sluggish behavior,

lead acid is rated at 0.2C (Sh) and 0.05C
(20h).
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capacity:
energy stored in a battery which is measured in Watt-hour
our =V * | * hours {since voltage is kept constant, so it is measured in Ah/mAh}

enerally see the battery ratings as 2500 mAh or 4000 mAh while reading the specifications
phone. What does that mean?? Let's see

ple: 2500 mAh it means that the battery has a capability to deliver 2.5A/2500mA of current
load for 1 hour. The time that the battery works continuously depends upon the load current
nsumes. So if the load consumes only 25 mA of current then the battery can stay alive for 1
s. How is it?

* 100 hours {so 25 mA of current for 100 hours}

ly 250 mA for 10 hours So on...

the theoretical calculations seem ideal but the battery’s duration changes based
ure and the current consumption etc.

lillac invented the starter motor in 1912, car mechanics have explored ways to m
ps (CCA). CCA measurements assure that the battery has sufficient power to crank th
when cold. Typical CCA readings for a car range from 350 to 600A and higher for trucks.
ifies that a battery with a CCA reading of 500A can deliver 500A at —18°C (0°F) for 30 sec:
Iropping below 7.2 volts.

not be “measured,” but it can be “estimated” and the process can take a week per battery. A full CCA t¢
and is seldom done. To test CCA, apply different discharge currents to see which amperage keeps the.
set voltage while cold. Table 1 illustrates the test procedures accordingto SAE J537, IECand DIN. The m
ilar and only differ in the length of discharge and the cut-off voltages.

SAE 537 CCA test IECCCA test DINCCA test

10 SAE J537 and cool to-18°C (0°F) for 24 hours, While at o SAE 1537 and cool o -18°C [0F) Whie at
oy,

Fully charge battery according.
toSAE. °C (0°F) for 24 hours. While at

subfreczing temperature, apply a dscharge current equal
(500ccA

Cea. (s00CCA

0A) To|

(1.2V/cel] for 30 seconds.

To pass, 500A)To pass,

above 8.4V for 60 seconds. and 6V for 1505,

expresses the efficiency factor of a battery on
Peukert, a German scientist (1855-1932), was aware that
capacity of a battery with i ing discharge
devised a formula to calculate the losses in numbers. The
mostly to lead acid and help estimate the runtime under
charge loads.
Law takes into account the internal resistance and recovery
tery. A value close to one (1) indicates a well-performing
th good efficiency and minimal loss; a higher number reflects a
battery. Peukert's law is exponential; the readings for lead
1.3 and 1.5 and increase with age. Temperature also
readings. Figure 1 illustrates the available capacity as a
peres drawn with different Peukert ratings.
a 120Ah lead acid battery being discharged at 15A should
120Ah divided by 15A). Inefficiency caused by the Peukert  capacities. Peukert values
the discharge time. To calculate the actual discharge battery type age and tem|
the time with the Peukert exponent that in our example AGM:  1.05-1.15
discharge time by 1.3 reduces the duration from 8h Gel: 1.10-1.25
Flooded: 1.20-1.60

‘Source: Von Wentzel (2008)

Available capacity of a le:

battery at Peukert number:
1.50. A value close to 1 has
losses; higher numbers deli



ickel-based batteries are commonly
e Ragone plot. Named after David V.
Ragone plot looks at the battery's capacity
(Wh) and discharge power in watts (W).
iantage of the Ragone plot over the Peukert
ability to read the runtime in minutes and
ented on the diagonal lines on the Ragone

trates the Ragone plot of four lithium-ion

ing 18650 cells. The horizontal axis displays
-hours (Wh) and the vertical axis is power
. The diagonal lines across the field reveal
time the battery cells can deliver energy at
onditions. The scale is logarithmic to allow
of battery sizes. The battery listrig (et
P

Figure 2: Ragone plot reflects Li-ion 18650 cells.
Four Li-ion systemsare compared for discharge
energy as a function of time. Not all curves are

art include 1,1001
anese oxide (LMO), and nickel
MC).

main state-of-health indicators of a battery are:
the ability to store energy
al resistance, the capability to deliver current, and
lischarge, reflecting mechanical integrity and stress-
conditions
reveals SoH in capacity. Internals resistance and
lischarge stay low under normal circumstances. SoH
imonly hidden form the user in consumer products;
tate-of-charge (SoC) is provided. (See BU-901:
entals in Battery Testing)

energy when the battery is new

state-of-health (RSoH), available storage
when battery is broken in

s otherwise mentioned, RSoH refers to SoH.

h
'URLB650W are manganese based Lvion Power Cells of 156

discharge of 20A. The Sanyo URLSSSOF i a 2,600man Energy
This cell provides the highest discharge energy but has the
Source: Bxponent

energy in
the form
of charge

SoH State-of-health. Generic term
health. Capacity s leading health indicat
ASoH Absolute state-of-health of a ne

RSoH  Relative state-of-health rel

capacity

SoC  State-of-charge. Generic ters
level.

ASoC  Absolute state-of-charge
RSoC  Relative state-of-char
capacity fade

battery readiness in terms of usable energy
ing state-of-charge in relation to the available
This can be shown with the tri-state fuel gauge in
e usable capacity is reflected as stored energy in
of charge (RSoH); the part that can be filled as

d the unusable part that cannot be restored as

can also be presented with the fishbowl icon for
evaluation at a glance. Tri-state fuel gauges are
in fear of elevated warranty claims. Some

fer an access code for service personnel to read

Press Status Dome for more information

g 8 8

H

Discharge capacily {mAh)
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an EV, e-bike, a flying object, a portable device or a hobby gadget, the following
en charging a battery the ultra-fast way:
ust be designed to accept an ultra-fast charge and must be in good condition. Li-ion

a fast charge of 10-minutes or so but the specific energy of such a cell will be low.

harging only applies during the first charge phase. The charge current should be lowered

hes 70 percent state-of-charge (SoC).

in the pack must be balanced and have ultra-low resistance. Aging cells often diverge in capaci

, causing mismatch and undue stress on weaker cells.

charging can only be done under moderate temperatures, as low temperature slows the cher
nused energy turns into gassing, metal-plating and heat.

Trpe Chemisry Temperatures  Charge termination
e owtare MO aic o SSEA  ome
e Lead acid. (329 to 113¢F)
R stteny when haged.
Sensesatry by vl
Nea i, 03-
wopdchager 1168 S e e S e e
i 3 Crage. X Dasrure
[ Fastens NCONMA, Same 253 rapd charger with
s cnareer Lo, (509 to 113¢F)  faster service.
on N, 1060 1080455 Appls st chrge 10 70%
CEEIEET 1100 intes  (S0VFto 1139F)  SoC; limited to speciaty batteries

percent when fully charged.
etimes divided into:

state-of-charge (ASoC), the ability to take the
charge when the battery is new
state-of-charge (RSoC), available charge level
acity fade into account.

otherwise mentioned, RSoC refers to SoC.

G

lensity of secondary and
atteries

loads

Energy comparison underload.
"Rated"” refers to a mild discharge; “Actual” is a |
High internal resistance limits alkaline battery to

Courtesy of Cadex

SoH  State-of-health. Generic term
health. Capacity s leading health indicat
ASoH  Absolute state-of-health of a
RSoH  Relative state-of-health relati
capacity

State-of-charge. Generic ter
level.
ASoC  Absolute state-of-cha
RSoC  Relativestate-of-chai
capacity fade



https://batteryuniversity.com/learn/article/bu_803a_cell_mismatch_balancing
https://batteryuniversity.com/learn/article/safety_concerns_with_li_ion
http://batteryuniversity.com/learn/article/the_battery_fuel_gauge
http://batteryuniversity.com/learn/article/bu_604_how_to_process_data_from_a_smart_battery
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Lithium-ion performs well at elevated ter

above 50°C (122°F).
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D

ity loss at room temperature
90 minutes
ies for surgical power tools

Some lithium-based packs are

temperatures. This applies to batteries in surgical
that are sterilized at 137°C (280°F) for up to 20 mi
part of autoclaving. Oil and gas drilling as part of
also exposes the battery to high temperatures.
Capacity loss at elevated temperature is in direct
relationship with state-of-charge (SoC). Figure 5 il
the effect of Li-cobalt (LiCoO?2) that i first cycled:
temperature (RT) and then heated to 130°C (26f
minutes and cycled at 20, 50 and 100 percent

is no noticeable capacity loss at room tempers
130°C with a 20 percent SoC, a slight capacil
visible over 10 cycles. This loss is higher wil
percent SoC and shows a devastating

at full charge.



http://batteryuniversity.com/learn/article/how_to_restore_nickel_based_batteries
http://batteryuniversity.com/learn/article/elevating_self_discharge
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Ultra-kapasitér Sistemleri

Ultra- (Stp p double layer

Figure illustrates the cycling performance of
ion packs as a function of cell match. The cell
connected in a 2P4S arrangement with a cer
forming two battery sections.

The capacity differences between the two secti
canmne | 6, 7 and 12 percent. When cycled, all batteries
- capacity losses over 18 cycles, but the greatest
— occurs with the pack exhibiting 12 percent c:
e mismatch.

——

Eltro: ‘Elactrnn: double yer

Figure 1: Cycling performance as a functis
match

Battery packs with well-matched cells pe Kapasitorler enerji
those in which the cell or group of cells dif :Ih':hninr. Kapas
connection.

Gonfiguration: 5ah prismatic Lion connected in 284S

Pt s e i ennnusununRn
L

itif ve negatif elektrostatik yiiklerin aynsmasiyla depo eden
tane plaka olarak adlandinlan iletkenle, bunlan ayiran ve di-

Ultra-kapasitdr Sistemlerf

How an Ultra-Capacitor Works

«Elektrotlar gok yilksek yiizey
alanina sahip deliklimalzemeden
yapilmistir (>2000 m2/g).

*Ultra-kapasitérlerde elektrostatik
yiikleriyonlar seklinde elektrolitte
depolanmaktadir.

UK sistemleri,

kullanilabilirler.

Figre 3: Photograph of the Ness 2.3V, 2908 Capacior




17.11.2021

er ve Ultra-Kapasitérler

Ultra-kapasitor 1 [ il

UltraJkapasipzrbitrier

nology

bon nano tiplerin

I - dyUtiimus goriintlist
olusmus bir orman Relatively |

Ultra-kapasitdr Sistemleri

UK sistemleri,

Ultra-kapasitodr Sistemleri

* Asiri yuksek kapasitans degerleri
* Hizl cevap verme karakteristikleri
* Yuiksek guig yogunluklari

* Modiiler yapi

daha cok enerji

yogunluguna,

ok daha iyi giig
*Modiiler/yiginlanabilir yapida istenilen boyut ve gii¢ degerinde
kullanilabilirler.

Bir UK’nin sarj ve desarj zamanlari, seri ve paralel baglanma durumlarina
gore mili saniyeler dakikalar kadar
ayarlanabilmektedir.

Bakim gerektirmeyen bir isletimi vardir.

Farad bagina en diisiik maliyet, yiiksek &miir ve gevre dostu olma gibi
ozelliklere sahiptir. Ayrica, birkag Farad’dan birkag bin Farad’a kadar UK’nin
kapasitansi ayarlanabilmektedir.
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Modelling of supercapacity

PO

Electrode

Analytical modelling of porosity

Serial decom, tion of coth

Equivalent circuit representation based on (R-C) cells

Ultra-kapasitor Sistemleri

Half-order modelling of supercapacity

1 Limited

2
COIh(X):C_nSh(K) - 1+x7/2
sinh(x) x—»0 X

-1

T bar o1 T
frsquency (Hz) sy (Ha)

— aualyrial model — anshyncal model

w v e Cigucitive halloeder model wee cagicitive ball-oodes model

— smleger oxder andel (10 cells — Eeger-onder inadel (10 celk)

Simulation model :

SUPERCAPACITOR

T

$(0) = V(t).explont)
e(t) =1(t).exp(ea,t)

ds_
dt

1
%—5(‘)=le”2)=(()
0

Energy dissipation

Current ly dynamic load profile

- Deeper discharge and charge




Application

Ultracapacitor Applications

recapture and initial
Stationary and on-vehicle Ultracap power installations that are able to store the hrsklng
energy of trains it during Important cost d

significant reduction of primary energy consumption

+ Voltage stabilization
Stationary installation able to maintain a constant voltage level. Instalation along the
track at critical points where the pawer net is weak and voltage sags may occur. Costly
Interruption of the power network are strongly reduced as the installation delivers the.
energy needed to maintain the power net at constant voltage level

Diesel engine starting
Uttracap modles are used to start huge diesel engines of locomotives and diesel-
electric trains. The modules are able to supply the needed power in a volume and weight
strongly reduced compared to battery systems. Further advantages are the robust
construction, the wide temperature range, the high reliability and no maintenance
Reference:

Ultra-kapasitdr Sistemlerf

@ss Transit Systems Demands

= Provide public transportation for increased demand for mobility
due to a steadily increasing population
= Improve energy efficiency of operating systems
= Energy costs represent the most important part of the operating
budget
= Energy resources to be used optimally for environmental
protection and conservation

= Improve network reliability through rail network voltage
stabilization

17.11.2021

lications of supercapacities

Utilisation in (hybrid or not)

% Utilisation in for power electronics interfaces
(FACTS, wind mill..)

Ultra-kapasitér Sistemleri

Door actuator
Medium size ultracapacitors are used to ensure a reliable functioning of electrical
doors.

Tilting trains
Ultracapacitors are ideally suited 10 furnish the power needed 1o activate the titing
system of advanced titing trains

Support of switch drives

following two demands: Cover the peak power demands
and support of switch drives in case of a power outage in the seconds range

‘Security applications
On-vehicle and stationary applications that require power bursts during several seconds.
On-vehicle applications are GPS systems, signal homs etc. Stationary applications are

automatic acoustic and optical warning units, Here Maxwell small cell ultracapacitors are
ideally suited thanks to their high reliability and lang lfetime.

Time

Venicle 1 Is braking Vehicle 2 Is acccelerats

> Energy storage system stores the ~+ Energy storage system dellvers the energy
braking energy

Application: Time shifted delivery of the stored braking energy for vehicle re-
acceleration

Solutions: Possible with either stationary or on-vehicle energy storage system
Advantaae: Cost savinas throuah reduced orimarv enerav consumotion
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Woltage Stabilization Operation

~ Energy storage system is kept at fully charged state

» Energy storage system is only discharged when the network voltage is pulled
below a critical level

Primary energy

~ Energy storage system is rapidly recharged by braking vehicles or slowly
through the DC network

" Kinetic energy,
'~ Solution: Stationary energy storage system 10% for energy 40% of the traction -
demands energy J

~ Advantage: Optimization of the netwerk voltage level

Substation Ensrgy storage
systom

SITRAS® of Siemens TS

Nominal voltage

#of Ultracapacitors 1344
Energy stored 23 kWh
Energy saving per h 65 kWhh
Max. power 1MW
Capacitor efficiency

Temperature domain 201040 °C

comaosed of 42 2600F cells

Benefits of an ultracapacitor system

+ Energy Savings
+ Very little wasted energy (85% roundtrip efficiency)
+ Operational
+ Maintenance free system
« 10 year life
* Less wear and tear on brakes
+ Cost
+ Product pays for itself several times over

600 BCAP0008
Weight: 450 kg
Max output: 300 kW
Forced air cooling
Volume: 1900 x 850 x 455 mm

Proof of Concept
The ultracapacitor energy storage system, operational for around 22
hours per day can reduce the annual energy consumption by as much
as 500,000 kilowatt-hours or 30%, and reduce the peak power required

MITRAC™ Energy Saver of Bombardier Transportation from the n by 50%

10
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ESR

UK igin Klasik esdegier model

(Reduced order model)

Maxwell Boostcap BMODO0165 P048
UK’min teknik 6zellikleri

Value
Capacitance 165 F
\oltage 48.6 \Volts DC
DC Resistance 6.1 mQ
:\@():Eis';s)tance 52mQ
Weight 142 kg
Volume 126L
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http://maxwell.com/pdf/uc/datasheets/PC2500.pdf
http://maxwell.com/pdf/uc/datasheets/PC2500.pdf

