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Storage in future energy systems 2l

Motivation and methodology overview

Future energy systems:

= more and more dominated by renewable resources
(primary supply-dependent like wind and PV)

= increasing need of flexibilities

Battery technologies as one promising flexibility option

= strong competition with other storage as well as conventional technologies

= the actual operation causes aging, which has a significant effect on expected lifetime
= appropriate valuation need an adjusted approach taking aging into account, either

— optimizing whole lifetime (not known beforehand) — typically several years or

— optimizing a certain period (day, week, month, year) considering corresponding lifetime
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Methodology approach A e

Motivation and methodology overview

Simplified battery aging model, considering Number of cycles

10000 000

= cyclical (see figure) as well as
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= calendrical aging
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Robust optimization model, to Quele: saft, 2014 Depth o discharge (%
= valuate battery technologies for a specific application (e.g. spot & reserve market, private households),

= considering battery aging as well as the corresponding lifetime

= for a representative price curve/pattern (e.g. one week, month or year)

= derive of optimal control decisions
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Basic assumptions S B R G

linded

Battery aging model [P [s]a]s

= battery age:

t [h] time
T [A] Optimization time
a(t) = Qo+ z da(t) At [h time-step
ter s(t) [—] State of charge (energy)
n agl ng: s*(t) [—] Battery charging (power), ASA—(:) with As(t) > 0
_ . . As(t) .
s7(t) [—] Battery discharging (power), v with As(t) < 0
da(t) = da,,(t) + dal. (t) + da_,.(t) v(t) -] Normalized capacity (energy)
cal cyc cyc pacity 8y
Advegq (t) [—] Loss of v through calendrical aging
| . d . a(t) [—] Battery age (O to 1)
n
normalize CapaClty dagq(t) [—] Battery aging — calendrical
daf,c(t), dagy(t) [—] Battery aging — cyclical while s*(t) or s7(t)
U(t) =1— (1 — ve)a(t) aq,ay [A™1] Aging parameter — calendrical
a3 [-] Aging parameter — calendrical
B1, B2 [—] Aging parameter — cyclical
Ve [—] Normalized capacity v(t) at end of life
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Calendrical Aging (Lithium ion) — Database e e

finded
Battery aging model ----

Calendar life time (one year calendar life time at 50°C
corresponds to approximately 5.6 years at 25°C)

Normalized capacity vs. time

Residual capacity Source: ISEA/RWTH/Bosch
100% ~SOC 0% 110%
-=-S0C 10% S ———
100% ——
o
% =-=50C 30% e
O 20% --50C 50% B
-
g --S0C 60% 80% [~
£ 70% —S0C 70%
S —S0C 80% 70% End of life criteria
c Further usable area
60% SOC 85% 4k
o &0%
S0C 90% 0 200 400 600 800 1.000
50% SOC 95% Times / Days
0 200 400 SOC 100% = Saft Li-ion : 55°C, 85% SOC = Li-ion type 1:50°C, 50% SOC
time / days —— Li-ion type 2 : 50°C, 50% SOC —— Li-ion type 3 : 50°C, 50% SOC

Quelle: Ecker, Nieto, Kdbitz, Schmalstieg, Blanke, Warnecke, Sauer; Calendar and cycle life

study of Li(NiMnCo)O2-based 18650 lithiumion batteries; Journal of Power Sources, 2013 Quelle: Saft, 2014

House of )
E E‘ng.rgy Markets Strommarkttreffen | 25. August | Flexibilitdt | Berlin / Germanwatch 6
Inance



UNIVERSITAT
DUISBURG

Calendrical Aging (Lithium ion) — Model Approach e IS

finded

- Battyagingmodl | 2] | |

= Summary: Aging increases with higher s(t) (State of charge, SOC) :
= Combined Model: 095
1. Relation to s(t) at 50°C 09

Aveqi(t) = —(ays(t) + az)dt o
2. Adjustment to SAFT Data and ;7 .
Saft: ~10% Aging in 20 years (25°C) "o 100 200 300 00 500
dacar(®) = (r5(5) + @) T dt
(1 - ve)

a, |6.804E-04| [h71]

3. In discrete time 2 |L306E08| (1]

a; |1.064E-03| [—]

A
dacq (t) = (ay(s(®) + 0.5(s* (1) — s™())AL) + ar;) (1_ai ; )
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Calendrical Aging (Lithium ion) - lllustration el 'S

 eweeedd | 2| | [

New Storage Storage at EOL «107

. . | 9

: 1 18

1 {7

16

| 5

| 4

| 3

| 2

] | 1

- ' | 0
04 06

0 0.2 0.4 0.6 0.8 10 0.2 0.8 1
Storage Level [-] Storage Level [-]

0.25

0.2

0.05

-0.05

delta Storage Level [-]
—
Volume Loss Aging [-]

|
o]
-

015

0.2

0.25

House of
E E‘ng.rgy Markets Strommarkttreffen | 25. August | Flexibilitdt | Berlin / Germanwatch 8
inance



UNIVERSITAT
DUISBURG

Cyclical Aging (Lithium ion) - Database el ISR

 eweeedd | 2| | [
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Depth of discharge (%] Quelle: Saft, 2014
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Cyclical Aging (Lithium ion) — Model Approach e IS

-----

F|tt|ng DODICycIes

= Summary: Aging increases with higher depth of discharge (DOD) S
= Basic dependency (Number of cycles for different DOD) - Ton T ]
%, 0% X B, | 20173 | [-]
da 1 1 :
- . _BZ cye = = — DOD.BZ é1o5 X
N(DOD) = B, - DOD DOD  N(DOD) f5, 2 AN
104 X X X X >‘

= Integrative approach, aging while charging and discharging Lo
DOD [-]

S A

— charging:  dady(t) = . ((1 —s(0)"” = (1= s(0) - s+(t)At)ﬂz> 1f-k--t--q--

21
s(ts) pP=FSr T3~
o 1 ﬁ N
— discharging:  dag,.(t) = B ((1 —s5(t) + s~ (O)AL)Pz — (1 - s(b)) ) st |- W
! s(tz) - =N
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Cyclical Aging (Lithium ion) - Illustration e

Battery aging model
New Storage Storage at EOL « 1078
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0.2 . 16
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© o<
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® 005 | =
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0.25 : 0
0 0.2 04 0.6 0.8 10 0.2 0.4 06 0.8 1
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Optimization Problem: Objective Function AL

Implications for storage valuation — analytics

[ e [
N [—] Number of Periods

max | Mp z R, (t) ) —

teT

Objective function

Storage charging and discharging efficiency
Vs [MWHh] Storage Volume

.. Ks  [MW]  Storage Power
= Revenues spot market (initial) ir | [=]  InterestRate for Period T

g [—] Revenue Changing Rate for Period T

1
Rsm(t) = | ns™(t) — 55+(t) At - Vs » psm ()

= Revenue multiplier Mp = f(ay, a(t),ir) as adjusted NPV for
— linear decreasing annuity (revenues) due to available storage volume
— increasing revenues due to changes in the price pattern (driven by more RES or competitors) — optional

— resulting lifetime (given by aging and optimization time period)
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Optimization Problem: Revenue Multiplier eIy

Implications for storage valuation — analytics ----

= Revenue Multiplier
P (Ro — mg)qr — Ry + (mg(N + 1) — Ry)qr N + (Ry — mgN)qr ™"

(qr — 1*?
10000 — 37615 10000
L N= % g i _ (1-v)(1-ay) T
Srerda® T 14g’ K N ' :?g 1000
1 1000 —
— Ry =0+ (1 —ap)(1 —v,) +-mg o _17
2 = 100
z ©
2 100 % 10
. . . < L
= Extension of classic present value of annuity = -
5
% 10 \
M R 1-— q_N 0,1
R = Oﬁ iyear = 0.05
1 0,01
O 005 01 015 0,2 0O 005 01 015 0,2
sum(a)/T sum(a)/T
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Optimization Problem: Restrictions 2l

Implications for storage valuation — analytics

= State of ch t level
ate of charge (storage level) s(t+1) =s() +(s*(®) —s~(1))At

s(1) = s(T) + (s*(T) — s~ (T))At

s(t) <1

m ict K

Power restriction SO +57(6) < 3

Vs
= Aging da(t) = dacg (t) + dadyc(t) + dagy(t)
A
— calendrical dacq (t) = (a1 (s() + 0.5(s* () — s (0))At) + a3) (fi ; )
1
— cyclical dayc(t) = Ziﬁl ((1 — @) - (1 —s(0) - s+(t)At)ﬁz> dacye(t) = 55~ ((1 —s(t) + s~ (AP — (1 - s(t))”’2>
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Application Data i

S 2 5 1

Base Case
I 7T
.

= Lithium ion Battery (cf. left table)

= |nvestigation year — 2016, B v
hourly resolution (mean: 29.0 €/ MWh, std: 14.0 €/ MWh) =1 09
_ [-1  o0.05

B -

Sensitivities B ! o
ve -1 o7

= no consideration of aging effects in operational optimization ] ¢ gos
= different optimization time periods (one year or weeks) (™1 13-4
a3 [-] 1.1e3

= 2016, quarter hourly resolution 5 = =000
(mean: 29.0 €/ MWh, std: 15.4 €/ MWh) B

= 2030, hourly resolution (mean: 48.1 €/MWh, std: 21.5 €/ MWh)

* for charging and discharging, 0.81 roundtrip efficiency
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Base Case — General results ALY

inded

Al | | | (¢

Considering aging

= increases the value of the battery by 74%, while
= decreases first year spot revenues by 36% (T = 8760h,
YRS TSN | eeine | [aging

= increasing the corresponding lifetime with factors 2.4
Battery Value [k€] 44.9 76.0

ing [-] 0.214 0.063

Value of the battery system as target costs

= 45 €/kWh/kW respectively 76 €/ kWh/kW, already
volume-based costs are significantly higher (>>100€/kWh)  LSEIUSES

Lifetime [Yrs] 4.7 16.0
12,652.4 8,145.8

= as expected inefficient investment in a lithium ion battery Rev. Mply. [-] 3.5 9.4
system
(application, arbitrage hourly spot-market, 2016)
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Base Case — Storage operation eI

Application ---n-

= no consideration of aging effects prices
= 60
=
bang-bang strategy ~18 full cycles S«
8 20
— maximizing current profit T ok ' ' ‘ ' ' ‘ ‘
Jan 01 Jan 02 Jan 03 Jan 04 Jan 05 Jan 06 Jan 07 Jan 08
State of Charge 2(116
. 1l
. . . I
= consideration of aging effects y i
\ I \
: T Lo
_ depth Of diSCharging depends on prices Jan 01 Jan 02 Jan 03 Jan 04 Jan 05 Jan 06 Jan 07 201éan08

%1074 Calendrical and cyclical aging

— avoid high depth of discharge, only 7 cycles

below 0.5 | EO.ZL—H M

[T

G L 1

— trade Off between 8enerat| ng revenues a nd Jan 01 Jan 02 Jan 04 Jan 05 Jan 06 Jan 07 Jan 08
. . 2016
expected l lfetl me ShadowPriceStorage
5
=
W,
Jan 01 Jan 02 Jan 03 Jan 04 Jan 05 Jan 06 Jan 07 Jan 08
2016
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Base Case — Optimal decision unvEThT
— delta shadow price of storage content

ESSEN

Application
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Base Case — Optimal decision — delta daily mean

Application

c
© ‘@ ‘0 1) QI 1)
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Results — Sensitivities (not finished) 'SRy

e | || 4]

egieg  aging  ogieg  aging  egieg  aging  egig  aging  egig  aging
44.0 76.6 70.7 126.3 2
0.214 0.063 0.209 0.064 y
4.7 16.0 4.8 15.7 (’?ﬁ\ 5.0[1.3] 14.8[23]  2.1[03] 14.1 [4.2]
12652.4 8145.8  19810.1  13561.5 %
3.5 9.4 3.6 9.3 <

- Hourly, 2016,365,1 | Hourly, 2030, 365,1 | qHourly, 2016,365,1 | Hourly, 2016, 7,1* qHourly, 2016, 7,1*
dstoragevalwe ] || O
. 2
d Aging L] I L e e
. . j“
d Lifetime [ k] 27%  -1.4% 2 6.9%  -72%  -543%  -11.8%
5
S

45.5[12.6] 73.0[28.3] 47.1[11.9]128.4 [44.7]

3,4% -4,7% 6,9% 67,6%

64,9%

arev.sport) | TR
TOVTE N o o >
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Conclusion ALY

finded

Concuson CTT T [s

= Considering battery aging significantly improve valuation

= Simplified battery aging model also usable for other applications
= Robust algorithm (but non-linear) due to convexity (missing analytical prove)

= Further sensitivities / next steps
— Second-Life Application (two stage aging process, e.g. double aging after EOL), additional value
— g (increasing revenues ) variations (driven by 2016 and 2030 results)
— comparison to alternative aging implementations
— Different aging points (decision only relative)

— Derivation of representative price pattern (?)
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Sensitivity quarter hourly spot market — Storage operation

Battery aging and their implications for efficient operation and valuation
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