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1. Motivation
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Motivation: Introduction

Increasing concerns on transportation

-Sustainable use of energy resources

-Reduce emissions

-Sustain current level of mobility

> Electrification of the

tra nsportation sector

Case Study: Tramway Application

Current typical tramways

Main drawbacks:

Y Powered by overhead cables (Catenary)
Y Peak power absorbed from grid

Y Low efficiency in the braking energy recovery

=

Future tramways

Pursued solution:

<« Catenary-less zones
«¢ Reduced Peak power consumption

<« Increased efficiency during braking.

“Techno-Economic Impact of Li-ion Battery Lifetime Modeling on Energy Storage System Sizing”  — E. Martinez-Laserna et al. © COPYRIGHT IKERLAN 2016
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SUPERCAPACITOR

-‘High power density

-Large number of cycles (>10°)
-Limited energy

Motivation: Introduction

Li-ion BATTERY

-High energy density

-Limited power capability

-Limited number of cycles (<10%)

-

Hybrid
ESS

o

v'Absorb peak power
(regenerative braking)

Olncreased energy efficiency
v'Inject peak power (acceleration)

O Reduced peak power

v’ Energy supply during catenary-

less zone
O Increased autonomy

v Energy supply in emergency
operation conditions

“Techno-Economic Impact of Li-ion Battery Lifetime Modeling on Energy Storage System Sizing”  — E. Martinez-Laserna et al.

: MAIN GOAL

| Optimal operation =

(]

" n

Optimal sizing

| ¢ Fulfill application constraints

I <«¢ Minimum operating cost
I

«¢ Low ESS degradation

© COPYRIGHT IKERLAN 2016
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7 Motivation: Introduction

How battery lifetime prediction affects optimal ESS sizing?

- Publications in literature rarely emphasize on the ageing model employed for
ESS sizing.

- Lifetime is a key parameter for battery-based ESS cost calculation:

— Large battery costs and limited lifetime.
— ESS sizing and operation conditioned by ESS costs.

- Case study: Tramway application:

— Hybrid-ESS optimization constrained by BT and SC ageing models.

— BT: the most sensitive element. Large impact over total system costs.
— Two different battery ageing models implemented for Hybrid-ESS
optimization.

“Techno-Economic Impact of Li-ion Battery Lifetime Modeling on Energy Storage System Sizing”  — E. Martinez-Laserna et al. © COPYRIGHT IKERLAN 2016
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2. Scenario Overview

“Techno-Economic Impact of Li-ion Battery Lifetime Modeling on Energy Storage System Sizing”  — E. Martinez-Laserna et al. © COPYRIGHT IKERLAN 2016
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g Scenario Overview

Considered tramway

- Pedestrian section (city center)

- Catenary-less zone (500 m)
- Currently SC-based

—— Speed profile Power profile
60 F L L L L L L L 600 ...................... P d H b .d
: : ropose ri
40 i AN 400 Catenary [ sc j § [ BT ] P y
J\ | '\, s ; system
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Time [s]
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3. Ageing Models Considered

“Techno-Economic Impact of Li-ion Battery Lifetime Modeling on Energy Storage System Sizing”  — E. Martinez-Laserna et al. © COPYRIGHT IKERLAN 2016
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11 Ageing models considered
Two main battery ageing models were implemented (2.3 Ah LFP-based cell

Wholer curve based ageing model Semi-Empirical ageing model

10 Wholer curve of the LFP-based Li-ion battery considered
I

l . . . . l . . Semi-empirical cycling model

'

N
o1

N
o

(6)]

[N
ol

A=Y
o

Qloss_cycling [%0]

Number of cycles
N

ol

N

-

5000 10000 15000 20000 25000 30000
0 | | | ' ' | | | | Ah-throughput

0 10 20 30 40 50 60 70 80 90 100
DOD [%]

- Very used in literature publications for sizing purposes. - Comprehensive cycling + calendar ageing model.

- Requires lower experimental effort. - Requires larger experimental effort.

- Only accounts for effect of DOD over cycling. - Factors considered: DOD, SOC, Temp, Ah, time.

- No calendar life effect.

- Thoroughly validated : RMSE <1.8 %

[1] E. Sarasketa-Zabala, I. Gandiaga, L. M. Rodriguez-Martinez, and I. Villarreal, “Calendar ageing analysis of a LiFePO4/graphite cell with dynamic model validations: Towards realistic lifetime predictions,” J. Power Sources, vol. 272, pp. 45-57, Dec. 2014.

[2] E. Sarasketa-Zabala, I. Gandiaga, E. Martinez-Laserna, L. M. Rodriguez-Martinez, and I. Villarreal, “Cycle ageing analysis of a LiFePO4/graphite cell with dynamic model validations: Towards realistic lifetime predictions,” J. Power Sources, vol. 275, pp. 573-587, Oct. 2014.

[3] E. Sarasketa-Zabala, E. Martinez-Laserna, M. Berecibar, I. Gandiaga, L. M. Rodriguez-Martinez, and I. Villarreal, “Realistic lifetime prediction approach for Li-ion batteries,” Appl. Energy, vol. 162, pp. 839-852, Jan. 2016.
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4. Optimization Problem Formulation

“Techno-Economic Impact of Li-ion Battery Lifetime Modeling on Energy Storage System Sizing”  — E. Martinez-Laserna et al. © COPYRIGHT IKERLAN 2016
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13 Optimization Problem Formulation

Objective Function:

NEUEREREWSS

ESS configuration

min Co, 7¢(X) = [BT7¢(X),SCrc(X), Catye (X), CBLC(X)]

=

ESS costs Energy from Lost energy in
catenary crowbar

Scenario simulation Energy management
(demand / system response) strategy

Cell degradation
analysis

‘ ] [] [ ] [ ) [ ] [ ] [ ]
e - Objective functions are competitive and conflictive .
: . . . o
Cost model evaluation . - There is no global optimal solution .

o
PY [
* . Optimized via Genetic Algorithms (GA) .
PY o
Operating cost and resulting : D . u ” : - .
: - Population “evolves” towards a set of optimal solutions
Vehlcle perfor‘mance $ 0000000000000 000000000000000000000000000000000000¢0
“Techno-Economic Impact of Li-ion Battery Lifetime Modeling on Energy Storage System Sizing”  — E. Martinez-Laserna et al. © COPYRIGHT IKERLAN 2016
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15 Optimal sizing results

Results comparison:

Wholer curve based BT ageing model Semi-Empirical BT ageing model

Wholer Total operating cost Semi-empirical Total operating cost

N N
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o o
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N
o

Op. Cost [€/day]
o
o
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16 Optimal sizing results
Results comparison:

Wholer curve based BT ageing model Semi-Empirical BT ageing model

Wholer -cur ve based model Semi-empirical model
I BT [€/day] M SC [€/day] I Cat [€/day] B BT [€/day] I SC [€/day] I Cat [€/day]

[E—
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Operating cost [€/day]
=

Operating cost [€/day]

[\

()]
[\
()

1 2 3 4 5 | 0 1 2 3 4 5

set of optimal solutions set of optimal solutions

- Solution # 1 = Selected optimal solution - Solution # 1 = Selected optimal solution

- Very low battery costs due to large battery lifetime est. - Larger battery costs compared to Wholer curve sizing.

. Total costs = 156.1 €/day

- Total costs significantly larger = 161.9 €/day

“Techno-Economic Impact of Li-ion Battery Lifetime Modeling on Energy Storage System Sizing”  — E. Martinez-Laserna et al. © COPYRIGHT IKERLAN 2016
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17 Optimal sizing results
Results re-Evaluation:

[ IBT (Whéler-curve) [€/day]
B BT (re-evaluated) [€/day]

I SC [€/day]
[ 1BT (Wholer-curve) [€/day] [ BT (re-evaluated) [€/day] I Cat [€/day]
50 I [ [
20% 200
14%
40 IA _
= 213% 32% 2 150
= o
S 5
S 30! 2,125
17 S
)
£ 20 £
g *é 75
=
o % 50 |
10 -
25
0 0
1 5 1 2 3 = 5
Whﬁler-curve based model vs. Seml-emplrlcal model Whéler-curve based model vs. Semi-empirical model

- Results from Whaler curve based optimization re-
evaluated with Semi-empirical ageing model.

- Real costs of Wholer curve based model opt.
=174.81 €/day

. Battery costs due to overestimated battery lifetime - Real costs of Semi-Empirical model based opt.

underestimated

=161.9 €/day
- Savings = c.a. 47.000€ over 10 year lifetime

- Total costs increase by 14% vs the optimal costs expected.

“Techno-Economic Impact of Li-ion Battery Lifetime Modeling on Energy Storage System Sizing”  — E. Martinez-Laserna et al. © COPYRIGHT IKERLAN 2016
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6. Conclusions

“Techno-Economic Impact of Li-ion Battery Lifetime Modeling on Energy Storage System Sizing”  — E. Martinez-Laserna et al. © COPYRIGHT IKERLAN 2016
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19 Conclusions

How battery lifetime prediction affects optimal ESS sizing?

- Two main ageing models were compared for the sizing of a Hybrid-ESS .
- Battery ageing model accuracy significantly affects optimal sizing calculation.

- Tramway application: Using an accurate model supposed 8% savings on ESS
costs in the scenario analyzed.

- Still to be evaluated the combined impact of accurate modeling of battery
and supercapacitor lifetime.

- Results to be validated experimentally. Good battery ageing model accuracy.

“Techno-Economic Impact of Li-ion Battery Lifetime Modeling on Energy Storage System Sizing”  — E. Martinez-Laserna et al. © COPYRIGHT IKERLAN 2016
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Process done by Genetic|_ Population with

Algorithm

N individuals
N individuals with m different — -
features each one Individual i
BT pack is updated with e
the corresponding % of degradation Initialize BT

v

Applicationmodel
1 complete day profile &
RBS simulation

v

Power profile
BT degradation % requested and
system response
A analysis

Power

requested
satisfied? v
Extend operation
to n months Discarded solution
Semi-empirical Wholer or Wholer
emiempirical?
Empirical AM| _ Basedon
cell cycling tests
\ 4
EOL or max BT-SC lifetime
lifetime ? estimation
(Wholer method)
SC lifetime
estimation
Wholer method h 4
( ) High cost
Cost functions: assigned:
BT-SC-Catenary BT-SC-Catenary

=il | no individuals
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EMS : Rule-Based Operation Strategy

Poem : power demanded  Per :battery power PscC :supercap. power

Cat eXIstS? Nno——————

@ no
N Regenerative Traction Regenerative
—&4@ no ‘4@:}
yes no
‘ ! . }

Target +/_PBT1 +PSC Target —PBT, _PSC Target +PBT Target _F)B_I_

Power balance: PDEM — PBT + PSC + PCAT + PCB [kW]

Energy charging mode Catenary support mode Autonomous mode
O stopped at a station before ESS plays a double role: ESS must fulfill the energy and power
entering into a catenary-less zone 0 SC: peak-power regulation needs during the travel:
O SC: charged with a power control (acceleration or regenerative braking) O BT: average energy demand
strategy 0 BT: energy supply assistance for 0 SC: peak-power regulation
O BT: is not charged traction and/or storing energy
“Techno-Economic Impact of Li-ion Battery Lifetime Modeling on Energy Storage System Sizing”  — E. Martinez-Laserna et al. © COPYRIGHT IKERLAN 2016
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I}Pég CT (X) — [BTTcost (X): SCTcost (X); GRIDTcost (X)]

BTreost = (BT y + BT¢q  + BTge ,)/360

BTCay — (CkWPC . PPCBT + CkWhBT - CClBT) - CRF

p— I-(1+ D7
1+DT+1
n
BTh, =z(1+1)—k“few Cewn,, * Capr - CRF
k=1
N

GRIDTcost — z(PCAT(i) ' CkWh_g/36OO) [€/da3’]

=1

“Techno-Economic Impact of Li-ion Battery Lifetime Modeling on Energy Storage System Sizing”  — E. Martinez-Laserna et al. © COPYRIGHT IKERLAN 2016
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Wholer curve based ageing model

Lifetime = —
ifetime T

_ _ T-1 _ .SOC . +0.5
Qlosscal [%] = 3,31 2%, e'BZ t

Qlosscyc [%](10% < DOD < 50%)
= (y; *DOD? +y, - DOD + y3) - k - AhY®7

Semi-Empirical ageing model

QlOSScyc |19](10% > DOD > 50%)
— (6(3 . eP$3DOD . ay - eﬁ4'D0D) .+ AR0-65

Qloss [%] — QlOSScal T QlOSSCyc
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