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g== Daily Load Curve




g== Daily Load Curve

25.02.2018.

Plan/Ostvarenje (MWh/h)
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g== Load Forecasting

Based on historical data

Relatively simple task

Error within 5%

Temperature has the greatest influence (HVAC)
Influence of certain specific events
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g== Load Forecasting

1 1998 FIFA World Cup Semi-Finals: France - Croatia,
Wednesday 8th July 1998
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g== Load Forecasting

1 1998 FIFA World Cup Semi-Finals: France - Croatia,
Wednesday 8th July 1998

80 MW

potrosnja veca od plana

23.00h

_’-“-‘—-ﬂ_

60 MW

=

zavrsni dio utakmice

pocetak drugog poluvremena

——

potrosnja manja od plana

stanka

—

pocetak utakmice

Niko Mandi¢, ,What
connects football and
power system?,” EGE
3/2008, pp. 44-50

21.00h

=




g== Load Forecasting

Damand (MW)
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llustracija 5 : Detalj originalnog zapisa NG (Engleska) potrosnje elektricne energije za vrijeme nogometne utakmice Engleska-

Argentina 30.06 1998. godine u viemenu 19:10 do 23:30. Rezolucija vremenske ose je 10 minuta. Plavi grafikon prikazuje potrosnju

srijeda 23.06. 1998. godine crvenom bojom grafikon potrosnje srijeda 30.06. 1998.godine sedam dana kasnije.
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g== Renewable Energy Sources (RES)

[

[

Wind energy is the most popular renewable energy
source

Wind power capacity of 744 MW is expected to be
achieved within a few years

Wind power capacity of NP NN

421 MW is already AT

In operation NASAVN
Problematic location

Production factor around 25%
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Renewable Energy Sources

Megawalts
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e=a Potential Solutions

. . Positive
: Electricity Reserve :
Technology Congestion : . . impact on
production provision . .
emissions
FACTS devices
Gas power plants
Grid
reconfiguration

Energy storage
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e=a Potential Solutions

. . Positive
: Electricity Reserve :
Technology Congestion : . . impact on
production provision . .
emissions
FACTS devices + - - -[+
Gas power plants - + + -
Grid | | N _ _ i
reconfiguration

Energy storage + -[+ + -[+
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4, Energy Storage in Power
F=R Systems

Benefits:
B [evelling of the load curve

B Ancillary services (frequency containment reserve —
“primary reserve”, frequency restoration reserve —
“secondary reserve”, replacement reserve — “tertiary
reserve” and voltage stability)

B Reduction of congestion
Greater utilization of wind and solar energy

B More cost-effective operation of the system (less fuel,
less power plant cycling, ...)

B Transition from the preventive to the corrective N-1
security operation
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g== Energy Storage Technologies

Days / weeks

Hours

Minutes

Seconds

Energy Storage Systems by Duration and Power

A
Hydrogen (e.g. for combustion in gas
turbines)
__Redox flow batterles '
power plants
| Lithium-ion batteries Technoloaies
Sodium-sulfur batteries 9
|:| Electrical storage systems
|:| Mechanical storage systems
Flle‘l?El storage-devices |:| Electrochemical storage systems
Supercapa - [ | chemical storage systems
| 4 *Compressed-air storage systems
**Superconducting magnetic energy storage systems
1 1 1 1 1 1 »
1 kW 10 KW 100 kW 1MW 10 MW 100 MW 1000 MW
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g== Energy Storage in the World

OOO00O000a0

27 MW during 15 min NiCd — Fairbanks, AL (2003)

20 MW during 15 min flywheel — Stephentown, NY (2011)
32 MW during 15 min Li-lon — Laurel Mountain, WV (2011)
36 MW during 40 min Lead Acid — Notrees, TX (2012)

8 MW during 4 h Li-lon — Tehachapi, CA (2014)

25 MW during 3 h Flow bat. — Modesto, CA (2014)

5 MW during 1 h Li-lon — Schwering, Germany (2014)

6 MW during 1:40 h Li-ion — Leighton Buzzard, UK (2014)

Interactive map available at
http://www.energystorageexchange.org/projects
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g== Enhergy Storage in ltaly

= Mission : reduce grid congestions
» Mission: increase safety of grid . Total Power: =35 MW

« Total Power: = 40 MW + Solution: NaS o susr

» Solutions: Li-lon, Zebra, Flow, Supercaps < Wb ol b9

* Number of sites: 2 « Investment Size: 160 €min;
* Investment Size: 93 €min;

Site 1: Ginestra
v * Total Capacity: = 12 MW

Fd

. * Status: operational

PHASE I: 16 MW Storage Lab

Site 1 Codrongianos

* Total Power: = 9,15 MW

* Status: operational = 5,4 MW -
in commissioning = 2,1 MW =
under construction = 0,4 MW
procurement initiated = 1,25 MW

_-¥ Site 2 Flumeri
* Total Capacity: = 12 MW
* Status: operational

* site 3 Scampitella
* Total Capacity: = 10.8 MW
= Status: operational

Site 2 Ciminna
* Total Power: = 6,8 MW
* Status: operational =5,1MW ¥=--___

under construction = 0,45MW "ol
tender to be submitted = 1,25 MW

PHASE II: 24 MW

Casuzze and Codrongianos: to be initiated



@ Large-scale
g== Enhergy Storage Models

[J Price-maker vs. price-taker
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Energy Storage in the
Day-Ahead Market

[0 Prices at CROPEX-u on Monday, February 26t 2018

0 N O o b WODN -

(Eur/MWh)

40,12
42,40
42,32
40,03
39,97
43,05
56,45
77,53

10
11
12
13
14
15
16

71,77
72,03
64,39
59,28
53,08
54,51
53,07
59,00

17
18
19
20
21
22
23
24

64,23
70,49
81,21
76,01
59,95
57,63
45,00
45,63
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@ Large-scale
g== Enhergy Storage Models

[0 Energy storage

does not want to 4 )
influence market
prices
[0 Limited profitability
when acting only in \ 4
energy market Storage Offers Cleared Quantities
and Bids Market Prices

Market Clearing Simulation

19
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Electricity Bill Components

O 0O 0O O

0 O

Energy payment (high and low tariff)
Distribution and transmission network charge
Charge for meter-reading

Charge for incentivizing RES

Power factor charge
Capacity charge

20
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== Load Diagram

[0 Energy storage can reduce the cost of electricity supply

Sat [h]
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F==

Storage Charging Profiles

[0 Reduced peak load payments and energy payments
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g=2 oftorage Charging Profiles

[0 Reduced peak load payments and energy payments

600 : : .
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F=3 Batteries

L

Battery is a device that coverts chemical energy of its
active materials directly into electrical energy through an
electrochemical redox reaction

In case of rechargeable batteries, the process is reversible

Batteries have an efficient energy conversion since they
use electrochemical process to convert chemical energy
into electricity

Although the term battery is often used, the basic unit in
which the reaction occurs is known as battery cell

Battery consists of multiple cells connected in series and
parallel, depending on the desired voltage and capacity

24



Batteries in Transmission
Systems
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2288 IEEE TRANSACTIONS ON POWER SYSTEMS, VOL. 30, NO. 5, SEPTEMBER 2015

Near-Optimal Method for Siting and Sizing of
Distributed Storage in a Transmission Network

Hrvoje Pandzi¢, Member, IEEE, Yishen Wang, Student Member, IEEE, Ting Qiu, Student Member, IEEE,
Yury Dvorkin, Student Member, IEEE, and Daniel S. Kirschen, Fellow, IEEE

Abstract—Energy storage can alleviate the problems that the un-
certainty and variability associated with renewable energy sources
such as wind and solar create in power systems. Besides applica-
tions such as frequency control, temporal arbitrage or the provi-
sion of reserve, where the location of storage is not particularly
relevant, distributed storage could also be used to alleviate con-
gestion in the transmission network. In such cases, the siting and
sizing of this distributed storage is of crucial importance to its
cost-effectiveness. This paper describes a three-stage planning pro-
cedure to identify the optimal locations and parameters of dis-
tributed storage units. In the first stage, the optimal storage loca-
tions and parameters are determined for each day of the year indi-
vidually. In the second stage, a number of storage units is available
at the locations that were identified as being optimal in the first

to alleviate congestion or otherwise enhance transmission ca-
pacity, the siting and sizing of the devices determines their use-
fulness and hence their cost-effectiveness.

This paper proposes a framework for optimizing the location
as well as the power and energy ratings of storage units dis-
tributed across a transmission network. Because they are dis-
tributed, these storage devices can perform a spatiotemporal ar-
bitrage that alleviates network congestion and wind spillage,
thus reducing the cost of producing energy using conventional
generating units. Optimizing their location and size involves
balancing the operational benefit that they provide against the
cost of their deployment.
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652 IEEE TRANSACT'[DNS ON POWER SYSTEMS, vOL. 31, N0 3. JANUARY 2616

Enhanced Security-Constrained Unit Commi tment
With Emerging Utility-Scale Energy Storage

i
g yunfeng Wen, Member, IEEE, Chuangxin Guo, Senior Member, JEEE, Hrvoje pandzic, Member, JEEE, and Y 2015

th Daniel S. Kirschen, F ellow, IEEE
Gye
“at,
Stap).. .
Mens . - -
to Zit;‘ Abstract—We introdu_ce_emerg'mg— ptility-scale energy storaget J, K, L.T Sets of cost curve segments,
Io,,g_ ¢ (e.g. batteries) as part of the set of control measures in A COies- - contingencies lines, and time intervals.
€ give form of the secur'tv-constrained unit commitment (SCuO) ’ ’

avaj, y
t“"o_sl?b]‘ problem. Thls enhanced SCUC (ESCUC} lc\'erages utility-scale G(b)’ S(b). L(b) Sets Of gene[ators, Ste‘farge uﬁﬂﬁ‘} and
the fir ag¢ energy storage for multiple applications. in the bas¢ case, the load demands jocated at bus b.
Whila ;:'sl storage units are optimally charged and discharged to realize
Conting.. S economic operation. tmmediately following 2 contingency, the B. Variables
ge’{f' injections of storage units are adjusted almost instantly to alle- N *
tior viate short-term emergency overloads, thereby avoiding potential Emts Emt
vid cascading outages and giving slow ramping generat'mg units time
to adjust their output. The ESCUC is a large two-stage mixed-in- contingency [MWh].
feger programming problem. A Benders decomposition has been
developed t0 solve this problem- In order t0 achieve computational
tractability, We present several acceleration technigues improve

Energy stored in storage unit m at
hour t for the base case and the kth

at t
Lt On/off status of generator i at hour t.

Initial commitment status of gengrator 1.
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g=2 Batteries in Microgrids

IEEE TRANSACTIONS ON SUSTAINABLE ENERGY, VOL. 5, NO. 4, OCTOBER 2014 1367

Capacity Optimization of Renewable Energy Sources
and Battery Storage in an Autonomous
Telecommunication Facility

Tomislav Dragicevi¢, Member, IEEE, Hrvoje Pandzi¢, Member, IEEE, Davor Skrlec, Member, IEEE,
Igor Kuzle, Senior Member, IEEE, Josep M. Guerrero, Senior Member, IEEE, and Daniel S. Kirschen, Fellow, IEEE

Abstract—This paper describes a robust optimization approach K, Wind turbine specific cost (€/kW).
to minimize the total cost of supplying a remote telecommunication PV™(t)  Normalized maximum PV output (kW/kW).
station exclusively by renewable energy sources (RES). Due to the Gmin Minimum allowed state-of-charge (SoC) (%).

intermittent nature of RES, such as photovoltaic (PV) panels and i : ! g :
small wind turbines, they are normally supported by a central w (t) Normalized maximum wind turbine output

energy storage system (ESS), consisting of a battery and a fuel cell. (kW/KW).

The optimization is carried out as a robust mixed-integer linear 7)., Charging efficiency of the battery.
program (RMILP), and results in different optimal solutions, Vais Discharging efficiency of the battery.
depending on budgets of uncertainty, each of which yields different

RES and storage capacities. These solutions are then tested against a .

set of possible outcomes, thus simulating the future operation of the Variables i

system. Since battery cycling is inevitable in this application, an  Cbat Total battery storage capacity (kWh).
algorithm that counts the number of cycles and associated depths of ¢, Fuel cell installed capacity (kW).
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g=2 Batteries in Microgrids

1EEE TRANSACTEONS ON SMART GRID. VOL- 7.NO. L, JANUARY 2016

Bidding Strategy for Microgrid 1 Day-Ahead

Hybrid S

221

tochast' c/Robust

Optimization

Abstmct'—'i‘his paper proposes an optimal pidding strategy in

cost as 2 single entity. The pidding problem 1S challenging due to
a variety of uncertainties, including power output of intermittent
DG, load yariation, an day-ahead and real-time market prices.
A hybrid stochastidrobust optimizatmn model is pmpased to min-

minus total benefit of demand- This formulation ¢an be solved
by mixed-integer linear programming. The uncertain output of

w

Guodong L1t Student Member, JEEE, Yag Xu, Membes; IEEE, and Kevin Tomsovic, Fellow, JEEE

Index of responsive demands. unning {from
{ to Np-

fndex of battery storage devices, runping oM
1 to Ns-

ndex of Gme periods. running from 1 to Nr-
Index of stage 1 scenarios of day-ahead market
prices, running from 1 to Np-

Index of stage 7 scenarios of wind and photo-
voltaic (PV) cunning from 1 to Nw-

Index of energy blocks offered bY geperators

(demaﬁd}, running from 1 to Nt (N 1)
"'r'u\«uy U(W)
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g== DBaltteries in Electric Vehicles

IEEE TRANSACTIONS ON POWER SYSTEMS, VOL. 30, NO. 2, MARCH 2015 901

Optimal Operation and Services Scheduling
for an Electric Vehicle Battery Swapping Station

Mushfiqur R. Sarker, Student Member, IEEE, Hrvoje Pandzi¢, Member, IEEE, and
Miguel A. Ortega-Vazquez, Member, IEEE

Abstract—For a successful rollout of electric vehicles (EVs), it Continuous Variables:
is required to establish an adequate charging infrastructure. The . ) .
adequate access to such infrastructure would help to mitigate con- batfﬁg Charging power of battery : at period ¢ (kW).

cerns associated with limited EV range and long charging times.
Battery swapping stations are poised as effective means of elimi-
nating the long waiting times associated with charging the EV bat- deg
teries. These stations are mediators between the power system and Ci|f,
their customers. In order to successfully deploy this type of sta- buy Ener: urchased in the wholesale market at
tions, a business and operating model is required, that will allow  ©"% T8y P

it to generate profits while offering a fast and reliable alternative period ¢ (kWh).

bat?ff Discharging power of battery ¢ at period ¢ (kW).

Degradation cost for battery i at period ¢ ($).

to charging batteries. This paper proposes an optimization frame- ), sell Energy sold in the wholesale market at period
work for the operating model of battery swapping stations. The ) t (kWh).

proposed model considers the day-ahead scheduling process. Bat- ) )

tery demand uncertainty is modeled using inventory robust op-  Lit.d Energy shortage with respect to the discount curve
timization, while multi-band robust optimization is employed to for battery 7 in each discount segment d at period

32



g== DBaltteries in Electric Vehicles

IEEE TRANSACTIONS ON pover== =
IEEE TRANSAC'I‘IONS ON POWER SYSTEMS, VOL. 30, N0 3, SEPTEMBER 2015 2375

Optimal Bidding Strategy of a Plug-In
Electric Vehicle Aggregator n Day—Ahead
Electricity Markets Under Uncertainty

Marina Gonzalez Vaya, Student Member; JEEE, and Goran Andersson, Fellow, IEEE

Abstract—With 2 Jarge-scale introduction of plug-in electric ve- Upper bound of aggregated charging power attime t.

nicles (PEVS), 2 new entity, the PEYV fleet aggregator is expected to h
be responsibie for managing the charging of, and for purchas'mg P¢ min

electricity for, the vehicles. We appraach the problem of an ag- € Constraint violation pararneter.
gregator pidding into the day-ahead electricity market with the

objective of minimizing charging costs while satisfying the PEVS' B Confidence parameter

flexible demand. The aggregator places demand bids only (no Ve~ N Number of stochastic constraints.
hicle-to-grid is considered)- The aggregator is assumed t0 poten-

" e . . . £
tially influence market prices, in contrast t0 what 18 commonly b,

P é,max
1 ower bound of aggregated charging power at time L.

Price of supply bid sm at time t.

! found in t.he literature. Speci{ically, the bidding.str:-ttggy of the ag- bta‘, Price of demand bid dx at time t.
~ gregatoris formulated as 2 bilevel problem, which 1S :mpiemented k
' as a mixed-integey linear program- The upper level problem rep- L Very large pnumber.
resents (he ??ff??.‘?f‘.’,?f‘.’.’.f’.‘.‘?‘f. ton of the aggregaton T hereas 5t Indicates if ve}_xggl@,g;“ilsccseaﬁeeted at time t (0 if not
pect to the discount curve

33
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IEEE TRANSACTIONS ON SUSTAINABLE ENERGY, VOL.7.NO . JANUARY 2016 |

Index for thermal generating units,
Index for Ev fleets.

i
c
d I for buses,
able wind energy. The forecast érrors of EV fleet characteristics, i In;:lex for .SZSO
hourly loads, and wind energy as well ag random outages of gen. - hdex for win generators. .
i i m  Index for blocks of thermal unj¢ dispatch,
S

uncertainties, whijch are represented by scenarios in the Monte Index for base case s — 0 and scenarios.

Carlo Simulation (MCS). The conditiona] value at rigk (CVaR) y if not
index is utilizeq for measuring EV aggregators’ riskg caused by  Sers gn4 Signs curve
the uncertainties. The Ey aggregator’s optimal bidding Strategy 0, Setof EV fleets controlled by aggregator 7. eriod
is formulateg as a mathematica] Programming witp equilibrium T

P Set of types of EV aoore ator.
egrena (IPEC), in Wwhich the upper level problem is the ’I': S frfo K-st agg g k-start th I ating
e mBpiaton whic i L IO e QN Set of quiciestartnon-guigc At thermal generating

) . -inte FTt ini a.-:: ner feve
b s a mlx‘:l :;hal‘gi“g cogﬁl_ll_ s
resents the CRTET0

ix
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IEEE TRANSACTIONS ON POWER SYSTEMS, VOL. 29, NO. i, IANUARY 2014 221

Electric Vehicle Battery Charging/Swap Stations
. Distribution Systems: Comparison Study
and Optimal Planning

Yu Zheng, Student Member, JEEE, Zhao Yang Dong Senior Member, IEEE, Yan Xu, Membet, IEEE,
Ke Meng, Member, JEEE, Jun Hua Zhao, Member, JEEE, and Jing Qi Student Member. JEEE

Abstmcr——Eleetric vehicle (EV)isa gtngnising technology for re- Che One-time investment of charging station k ($).
ducing environmental impacts of road transport. in this papel, 4.
framework for optimal design of battery charging/swap stations Cr Investment of reinforce equipment 1 (8)
L in distribution systems based on life cycle cost (LCO)is presented. C o . fh distribut e
:} The battery charging/swap stati_on mod_els are developed to com- ro peration cost ol the stribution NETWERE=
is p_are the lmpaefs cf rapid-charging stations :.lnd battery nwap sta- Ceo Operation cost of the charging station.
mfﬁt}nns. Mean?vhlle, m‘order to mee.t the re_qmrements nf mereased
ag power provided Quring the charging period, the distribution net- cI Investment COStS-
work should be reinforced. In order t¢ control this reinforcement )
cost, stations should be placed at appropriate places and pe scaled co Operation Ccosts.

correctly. ¥or optimal e05€ihiéﬁeﬁi’ana!gsis and safety operation, CM

N - L4 Maintenance COS iS.
the LCC criterion is used to assess the project and modified dif-

,-"{:{ o Ul B "’Jdg&r
B 7Set of ql!ick-stan.\: aggregator. sregator n. curve
Om L -
Sratvnon-quick-start th eriod
ER erm
' thermal generating
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@ What do all of These
g== Models Have in Common?

[l They use the same battery model :

dis

ch qh'

(f )

soc, (t) = soc, (t—1)+q;" (t)-1
7™

0 < soc,(t) <soc, "
dls (Z) < dlsmax

g;" (1) < ch™
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F=

Rechargeable Batteries

Common technologies:
B |ead acid
B Nickel based
[J Nickel-cadmium (NiCd)
[1 Nickel-metal-hydride (NiMH)
B Lithium-ion (li-ion)
Generally speaking — all rechargeable battery
technologies have similar characteristics

Today’s practical demonstration:
® Li-ion cell
B | ead acid battery pack
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=2 Rechargeable Batteries

Main characteristics: voltage and capacity

Capacity — ampere-hours (Ah) or watt-hours (Wh)

B E.g. battery rated at 10 Ah delivers:
[0 Current of 10 A for 1 hour
[0 Current of 5 A for 2 hours, etc.

B Capacity degrades with time and usage
C-rate = battery charging/discharging speed
B 1C corresponds to Ah rating, e.g.:

[0 1C fora 10 Ah battery = 10 A

[0 2C for a 10 Ah battery = 20 A
[0 0.5C for a 10 Ah battery =5 A
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F=

Rechargeable Batteries

Battery price

B Usually expressed per unit energy

m $/kWh

B Price of a new li-ion battery is cca. 500-800 $/kWh

Specific energy

B Defines battery capacity
per unit mass

® \Wh/kg

Energy density

B Defines battery capacity
per unit volume

H \Wh/l

Specific power
® Maximum available
power per unit mass

m W/kg

Power density

® Maximum available
power per unit volume

m W
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g=2 oeries/Parallel Configurations

Series connection
B Increases voltage

Parallel connection
B |ncreases maximum current
B Increases Ah-capacity

Battery energy (Wh-capacity)

B Does not change with series/parallel
configuration

B Depends on the total number of connected cells
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== Custom-Made Converter

Custom made bidirectional AC/DC converter
for battery charging/discharging

Specifications:

B Nominal output power: 1 kKW
Output voltage: 0 — 20 VDC
Output current: -50 to 50 ADC
Input: 50 Hz, 230 VAC

Input/output voltage/current measurements
[0 Analog signals 0 — 10 VDC
[1 Digital signals via isolated USB or RS-485

Remote battery voltage sensing (increased
accuracy)
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== Custom-Made Converter

Three-stage topology

B Bidirectional grid inverter

B Resonant HF transformer

B Output bidirectional interleaved buck-boost

converter
Voltage/current
Voltage/current measurements/
measurements setpoints
Single-phase

Buck-Boost
inverter tra nsfo rmer
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== Custom-Made Converter

Communication and control — NI LabVIEW

Converter is connected to host PC
B Communication — NI cRIO via Ethernet
B SCADA — NI LabVIEW

CONTACTOR CONTACTC
DNYE ERATION MO (MANUAL) EAR ERROR put voltage utput current
MANUAL AUT( OFF O F ON a3 |08 [ T
<o <> < 3 4
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== Custom-Made Converter

P N

NI cRIO
K-BOOST
}F TRANSFORMER)

- 4
< | : 'L '
* g
=2 L & 5
] \ O\ -
£ X A T
. -4 . e )

oy

SOt WS S C 1\ GLE-PHASE

— \

e
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F=

Voltage/current

Voltage/current measurements/
measurements setpoints
} { -
I
Single-phase HF
.g P . Buck-Boost
Inverter transformer
GRID BATTERIES
— 3

co CONVERTER co
AC &
———{(Acipe}H peiacioe Hocioc |

| -
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F==

Lithium-ion batteries

The most widespread battery technology is

lithium-ion (li-ion
Li-ion cell types
B Cylindrical

[ 18650
0 21700

B Prismatic

B Pouch

[0 Commonly
Li-polymer

18mm +ﬁﬂ>

65 70
mm mm

18650 cell 2170 cell f—ﬁ -
P -
. [ .‘.‘1- L."
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o

=2 EXperimental Research

18650 li-ion cells 65,0 mm
B Tesla model S

B |aptop computers i
B Power tools, etc. 18 mm

Samsung ICR18650-32A

B Chemistry: Lithium Cobalt Oxide (LiCoO,) — LCO
or ICR

B Nominal voltage: 3.75 V
B Nominal capacity: 3.2 Ah
B Minimum capacity: 3.1 Ah
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g== Datasheet — ICR18650-32A

2. Description and Model

2.1 Description Cell (lithium-ion rechargeable cell)

2.2 Model ICR18650-32A

3. Nominal Specifications

Item

Specification

3.1 Nominal Capacity

3200 mAh (0.2 C, 2.75 V discharge)

3.2 Minimum Capacity

3100 mAh (0.2 C, 2.75 V discharge)

3.3 Charging Voltage 435 +003V
3.4 Nominal Voltage 375
3.5 Charging Method cc-cv

(constant voltage with limited current)

3.6 Charging Current

Standard charge: 1600 mA
Rapid charge : 3200 mA

3.7 Charging Time

Standard charge : 3 hours
Rapid charge : 2.5 hours

3.8 Max. Charge Current

3200mA(ambient temperature 25 T)

3.9 Max. Discharge Current

6400mA(ambient temperature 25 T)

3.10 Discharge Cut-off Voltage

275V

3.11 Cell Weight

50.0 g max

3.12 Cell Dimension

Height : 65.00 mm max
Diameter : 18.40 mm max

3.13 Operating Temperature

Charge:0to45 T
Discharge: -20to 60 T

3.14 Storage Temperature

1year : -20~25 T(1%)
3months : -20~45 T(1%)
1month : -20~50 T(1%)
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e== Charging Characteristic

Constant-current/constant-voltage (CC/CV)

charging

1. Current is constant while voltage rises to a
predefined threshold

2. Voltage is constant while current gradually
decreases

3. Full charge is reached after the current drops to
some small value (typically 3-5% of the Ah rating)

Adjustable parameters:

B Constant charging current
B \oltage threshold
B Cut-off current
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e== Charging Characteristic

Charging conditions:
B Constant current: 1.6 A (0.5C)
B \/oltage threshold: 4.35 V

Charging characteristic

B Duration: 180 min 2 4.4
1.5 I- 14.2
<
§ P
3
0.5 13.8
[Experimentally ]

obtained 0

' ' ' ' ' 3.6
0 30 60 90 120 150 180
Time [min]

Voltage [V]
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e== Charging Characteristic

Charging characteristic
i 0.2C| |
_ ——0.5C| |
&\ )
0 i i

0 50 100 150 200 250 300

MW

Current [A]

—

> 4.2 /

> 4 0.2C| T Experimentally
% 38 ——0.5C| | obtained

> 36 1c

0 50 100 150 200 250 300
Time [min]
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e== Discharging Characteristic

Current profile depends on the application
B Varying current — various practical applications
B Constant current (CC) — laboratory experiments

Full discharge is reached after voltage drops
to some predefined cut-off value

Unlike charging duration, discharge durations
are approximately consistent with the C-rate
B 0.5C —cca. 2 hours

Bm 1C —cca. 1 hour

B 2C — cca. 30 minutes
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e== Discharging Characteristic

Discharging conditions:
B Constant current: 1.6 A (0.5C)
B Cut-off voltage: 2.75 V

Discharging characteristic

o
—_ _1 L 4 ==
3 {3 S
: - Hhmdr s sl At b gt gy |
Experimentally 1.5
obtained ' ' ' — 2
0 30 60 90 120

Time [min]
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F==

Discharging Characteristic

Voltage [V]

Current [A]

! w B
o w oA,

N

1 ' '
w N —

Discharging characteristic

e

0.2C| |

—0.5C
—1C

0 50 100 150 200 250 300 350

Time [min]

0 50 100 150 200 250 300 350

[

Experimentally
obtained

]
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F==

State-of-Charge (SoC)

SoC measured against charging duration

Series of partial charges applied (10-min steps)
followed by immediate controlled full discharge

B Cut-off voltage: 2.75 V

100

SoC (Ah) = < ool |
N lais(Tr—1)+1qis(Tk) E
N LS . LS ATk -5:‘3 - -
Charging: 5 40 -
QO
m [, =16A4(0.5C) g |

B 0.5C/ T
B 1C

m/,=32A4A(1C)
Inme

Discharging: ] 0 30 60 90 120 150 180
B [,;,=16A(0.5C) - both cases Time [min]

Experimentally
obtained
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e== Charging Power and Energy

[1 Electrical power [0 Electrical energy:
characteristic during full E = [, P(D)dz; []=Wh]
charge (0%-100% SoC) O Fuyll charge energy:

O P=U-I; [W=VA] 12.6 Wh (0.5C), 12.9 Wh (1C)

15 14
0.2C 1ol |®05C
12} ~—0.5C]| 1 —® 1C
—1C =107 fitted line
= o =%
o =
n%: 6 Experimentally
obtained
3t 5l
0 0

0 100 200 300 0 20 40 60 80 100
Time [min] State of charge [%]
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F=3 Capacity

Maximal number of Ampere-hours (Ah), or
Watt-hours (Wh), that can be drawn from a
battery on a single discharge

Fully charged battery — discharge to cut-
Off VOItage _Discharging characteristic

C (Ah) = [ lais(@)dx

0.2C| |
0.5C
—1C ||

Current [A]
O N o o

0 50 100 150 200 250 300 350

CE (Wh) — f PdlS (T)d [E per mentally] Time [mm]

obtained

57



o

== Rate Capacity Effect

100 ;

Capacity [%]

Higher discharge current = lower capacity
90
[Experimentally ] 80t
obtained :
70 1
60 |
100% capacity = 3.3 Ah 50

Also known as "Peukert’s law”
0.1C 0.2C 0.5C 1C 2C

B Applied mostly to lead-acid batterie
Discharge current
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g=2 Capacity Recovery Effect

[

Voltage recovery

End of discharge < a4
predefined cut-off
voltage S
Waiting period afterend g 3|
of discharge — voltage 2
recovers — battery can
be discharged further -

40 4‘5 56 5‘5 60
Time [min]

This effect is more expressed for higher discharge

currents

B The higher the current during first discharge, the more Ah can
be extracted on a second discharge (after the waiting period)

This effect becomes insignificant for relatively low

discharge currents — 0.1C and lower

3.2

Experimentally
obtained

287

—Id.'s=1C
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F=

Internal Resistance

Every battery has internal resistance from:

B Electrodes

B Electrolyte

B Connections, wiring etc.

Causes voltage drop when charge/discharge
current is applied

B Ohm'slaw: U =1-R

Open circuit voltage (OCV) < no current flow

Closed circuit voltage (CCV) < current flow
B Charging — raises CCV

B Discharging — lowers CCV

B "Rubber band effect”
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g== Internal Resistance

Voltage drop due to internal resistance

Voltage hysteresis 0.2C Voltage hysteresis 1C

Voltage [V]

4.4 4.4
4 - Z 4 /
O
o
I
3.5 S 35
charge 0.2C charge 1C
discharge 0.2C discharge 1C
3 ' ' ' ' 3 ' ' ' '
0 20 40 60 80 100 0 20 40 60 80 100
State of energy [%)] State of energy [%)]
Experimentally
obtained
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g== DBattery Efficiency

Cause of energy losses — internal resistance
— heat dissipation

Types of efficiencies (1):

B Coulombic

B Voltaic

B Energy (includes both coulombic and voltaic)
Types of efficiencies (2):

B Charging

B Discharging

B Overall (charging + discharging)
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g== DBattery Efficiency

Efficiency is predominantly dependent on the
charging/discharging current

Overall efficiency

o
o
®

—#—(0.5C ch/dis
—#— 1C ch/dis

S
o
»

Energy efficiency [-]
o
R

Experimentally
obtained

o
o
N

25 50 75 100
State of energy [%]

O
o
o
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F==

Bact to This Formulation...

soc, (1) = soc, (t—=1)+q, ()7 —

0 < soc,(t) <soc, "
dls (ZL) < dlsmax

g;" (1) < ch™

4 )

n™
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o

=2 Improvement

SOE™2* — soe;
SOE’ma,}: _ SOECC,CV

ch, < P

S. I. Vagropoulos and A. G. Bakirtzis, "Optimal Bidding Strategy for Electric Vehicle
Aggregators in Electricity Markets," in IEEE Transactions on Power Systems, vol. 28,
no. 4, pp. 4031-4041, Nov. 2013.
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F=2 Let’s Talk Energy

[1 Battery hour-ahead energy charging ability

0.2C

soe (%]
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< I
soe; = ZRi “Yti, VteT

e== Approximation >

Oﬁym-gl, VtGT,?:EI

[1 Approximation of the Asoe—soe I
function using SOS2 Y yi=1, VteT
Asoe A 1=1
(Y1) [ br1
b, " Yt,2 bt 2
FV% """"""" Tr—— b, : < [H] :
e o,
F, | Yt,T | _bt,I—l_
-1
Z bt,i =1, VteT
1=1
1
R1 Rz R3 R4 R5 :Oe Asoet - Z; FZ . yt’i’ Vt < T
1 1 (R g
Y, Y, Y, Y, Y. ch;y < Asoe,/At, VteT
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F=3 Case StUdy

1 10 MWh battery scaled to laboratory capacity of 10
Wh

[1 Acting in the EPEX day-ahead market, prices on
January 15, 2018.

[l The obtained (dis)charging schedules of each of the
models, i.e. the baseline mode, the linear CC-CV
model and the proposed energy charging model, are
then verified for feasibility in a laboratory experiment
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=

F=2 Case StUdy

[1 The battery is considered to be at 50% state of energy
at the beginning of the optimization horizon and is
required to end up at that level

[1 Experimentally obtained overall battery energy
efficiency (n) amounts to 0.81 for 1C simulations, and
to 0.866 for 0.2C simulations
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F=2 Results for 1C Rate

10 T T T T T T T T T 100

Energy [MWHh]
= W
| S U
S

B sim energy
ST @mm exp energy
—— sim soe
—— exp soe
-10

0 2 4 6 8 10 12 14 16 18 20 22 24
Time period [h]

(a) Baseline model

State of energy [%]
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F==

Results for 1C Rate

Energy [MWHh]

EEE Sim energy
B exp energy
—— slm soe
—— exp soe

0 2 4 6 8 10 12 14 16 18 20 22 24
Time period [h]

(b) Linear CC-CV model

— 100

50

State of energy [%)]
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F==

Results for 1C Rate

EE sim energy
Em exp energy
—— sim soe
—— exp soe

0 2 4 6 8 10 12 14 16 18 20 22 24
Time period [h]

(¢c) Energy charging model

m 100

50

State of energy [%)]
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F=3 Results for 1C Rate

. Linear Energy
Model Baseline CC-CV | Charging
Delivered Simulation 25.00 24.62 25.00
energy (MWh) | Experiment 21.41 24.62 24.87
enefgl;ar(%\i%vh) Experiment | 21.41 24.62 24.87
Resulting Simulation 272.04 249.51 26491
profit (€) Experiment 92.84 249.51 258.15

[0 If the charging quantity cannot be met, the electricity not charged
is sold at 70% of the purchasing price

[0 If the discharging quantity cannot be met, the additional electricity
is purchased at 140% of the day-ahead price
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== Results for 0,2C Rate

100

50

B sim en
-1 [|== exp en
—— slm soe
—— exp soe

State of energy [%)

0 2 4 6 8 10 12 14 16 18 20 22 24
Time period [h]

(a) Baseline model
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F==

Results for 0,2C Rate

100

o X
= o,
B s
- a0
= 8
. 0 0 )
—_—
%0 3
3 E
B Sl en _,'j
-1 r|E=m exp en &
—— sim soe
—— exp soe

0 2 4 6 8 10 12 14 16 18 20 22 24
Time period |h]

(b) Linear CC-CV model
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== Results for 0,2C Rate

2 = 100
— <
= o,
g >
- %
=, =
H
0 0=
i (@]
<5} -
= e
= mEm sim en =
-1 [|=m exp en .
—— slm soe
—— exp soe
-2

0 2 4 6 8 10 12 14 16 18 20 22 24
Time period [h]

(c) Energy charging model
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== Results for 0,2C Rate

Model Baseline (I; :;1‘1- ?{, Cl;l;nl:ni;%l}l’g
Delivered energy | Simulation 15.00 14.89 14.10
(MWh) Experiment 14.86 14.76 14.10
ene?gl;algic\l?vh) Experiment 13.95 13.84 14.05
Resulting Simulation 202.39 196.79 198.44
profit (€) Experiment | 162.28 156.72 196.61
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g== Conclusion

Procedure to obtain accurate dependency of the battery
charging capacity on its state of energy:

1. record battery charging/discharging characteristic for
the desired charging/discharging currents;

2. obtain charging/discharging energies by integrating
the charging/discharging power in time;

3. determine battery capacity and overall energy
efficiency;
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g== Conclusion

Procedure to obtain accurate dependency of the battery
charging capacity on its state of energy:

4. derive the time — soe curve from the charging energy
characteristic;

5. derive soe — Asoe curve from the time — soe curve;

6. approximate nonlinear soe—Asoe curve by a
piecewise linear function in order to obtain input
parameters for the proposed model
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