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Battery Model Overview

Technologies: Lead-acid and Li-lon

Battery behavior is simulated as function of:  Model determines:
- Charge/Discharge rate - State of Charge (SOC)
- Temperature - Battery Voltage
- Depth of discharge (DoD) - Battery Losses
- Ageing (State of Wear SOW)

Battery block : Universal, Adjustable Li-lon
12.8 ¥V, Nominal capacity at C10 = 100 Ah, Temp.= 20°C
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Dispatch Strategies

Simul. variant: 500 kWp, Peak shaving

700000 T T T T T
—— Effective energy at the output of the array, 3717 Kivhiday
—— Battery Charging Eneray, 998.4 KWh/day
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—— Energy injected into grid, 2577 Kihiday
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Simul. variant: 1 MWp, self consumption, small inverters
1600000 T T T T T 1600000
—— Effective energy at the output of the array, 3125 KiWhiday
1400000 |- —— Battery Charaing Eneray, 3141 kWhiday 1200000
—— Battery Discharging Energy, 2629 KiVh/day
—— Energy injected into grid, 46.03 KWWhiday
1200000 - —— Energy from the grid, 517 8 KWhiday - 1200000
—— Energy suppiied to the user, 7622 kih/day
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Simul. variant: 1 MWp, weak grid, file
1800000 T T T T 1600000
—— Effective energy at the output of the array, 3089 kiWh/day
1400000}~ —— Battery Charging Energy, 3864 kWhiday 14400000
Battery Discharging Energy, 2246 Kihiday
Energy injected into orid, 379.1 Khiday
1200000 Energy from the grid, 0.0000 KWhiday 1200000
—— Energy supplied to the user, 5540 kKihiday
1000000 |- 1000000
800000 | 800000
800000 | 800000
400000 | 400000
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0
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Peak shaving

PV Array + Storage + Injection power limitation

Self-consumption

PV Array + Storage + Load Profile

Weak Grid Islanding

PV Array + Storage + Load Profile
+ Grid Outages
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Peak Shaving Mode

Aims at recovering curtailed energy generation

Normal mode (E_Awvail below Plim grid)

P_Avail P_Grid < Plim power
-

PV system L - Grid

Battery

Charging mode (E_Avail over P grid limitation)

P_Avail P_Grid, Plim power
PV system —_— ——— > Grid

l Over power

Battery

DisCharging mode, chosen period {night or rest of the day)

Possible P_Awvail P_Grid
PV system —_—_— > Grid

T Battery contribution

Battery

Bruno Wittmer

nnnnnn

uuuuuuu

nnnnnnnn

= 00000

uuuuuuu

nnnnnnn

Simul. variant: 500 kWp, Peak shaving

Only dispatch strategy where
Battery injects into grid

Charge Battery as soon as
Production is larger than threshold

Discharge either as soon as possible,
or at pre-defined time intervals
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Peak Shaving Simulation Results

500 kWp, Peak shaving

e 2024 KT
//L +15.1%

%} -2 65%

2267 KWhim® * 3881 m* coll

efficiency at STC = 14.78%

1301 MWh
v -0.30%
-10.74%

+0.75%

£ -1.10%
+-1.27%
1138 MWh
'\.} -2.85%
\w‘ -0.05%
0.00%
0.00%
-0.03%
0.00%
1104 MWh
( ) \4-1 B5%
Stored ‘ Direct use \\(
39.6% 50.4%
\ J ktt}—1.E-2"ﬁ
‘ k=¢ -1.54%
-0.10%
1051 MWh
—
to grid
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Horizontal global irradiation
Global incident in coll. plane

&M factor on glokal

Effective irradiation on collectors

P conversion

Array nominal energy (at STC effic.)

P loss due to irradiance level
P loss due to temperature

Module guality loss

Mismatch logs, modules and strings

Ohmic wiring loss
Array virtual energy at MPP

Inverter Loss during operation (efficiency)
Inwerter Loss over nominal inv. power
Inverter Loss due to max. input current
Inverter Loss over nominal inv. veltage
Inverter Loss due to power threshold
Inverter Loss due to voltage threshold
Available Energy at Inverter Output

Battery IM, charger loss
Battery Storage
Battery global loss

(3.93 % of the battery contribution)

Battery OUT, inverter loss

Unused energy (battery full or conv. overload)

Energy injected into grid

EBatDis:

EBatDis-EBatCh:

CL_Chrg:
CL_invB:

EUnused :

E_Grid:
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Stored energy (impacts cycling, i.e. battery
lifetime)

Battery storage efficiency (coulombic efficiency,
internal resistance, gassing),

Charger efficiency losses

Battery inverter efficiency losses

Unused energy, either when the battery is full,
or if the charging power exceeds the maximum

power of the charger

Energy ejected into grid
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Self-Consumption Mode

Aims to minimize energy

use from grid Load profiles must be supplied by user. Examples:

Households Commercial

Simul. variant: 1 MWp, self consumption, small inverters

Weekd sat Sun ; Weekd sat Sun
1600000 T T T T T T T 1600000
—— Effective energy at the output of the array, 8125 kiWh/day

14000001 Battery Charging Energy, 3141 kivhiday 14500000 T

Battery Discharging Energy, 2629 Kihiday ) . $ o

Energy injected into grid, 45.03 kiWhiday R
1200000 - Energy from the grid, 517.9 kWh/day -| 1200000 e 3

Eneray supplied to the user, 7623 KWhiday - 1Y S
1000000 - 1000000 ."\‘ saason S d | season

z k] sprtal b sprtal
5 800000 800000 5 ¥ 4 3 s & * . cummer 3 « summer
2 & AT wnler = & : T wler
500000 |- 600000 00 - = .
400000 |- 400000 . ¢ : & : 2 { LY : 4
e 5[ F « 3 A 8 A/ /\ \ ,ﬂ,:
200000 200000 - t ¢ . & i 7 y V
| s0- INA i A7 (¥ E
Y 5 W
%5 3 6 12 15 18 21 2 b sbn 20 15 : o aioaba eha 1900 1ek L . N
1101580 = 000 600 1200 1800 240000 600 1200 1800 240000 600 1200 1800 240 000 600 1200 1800 240000 600 1200 1600 240000 B00 1200 1800 2400

time fime

Source: Generic load profiles from BDEW (https://www.bdew.de/energie/standardlastprofile-strom/)

Direct mode {day, sufficient irradiance, Battery full or not authorized)
Charging mode

E_Gnd: Only when PMaxCharge attained

Em—bi: Grid PV system |t > i‘ NO |nJeCt|0n from battery
No charging of battery from grid

DisCharging mode, Day Direct mode (day, i battery empty or not
E_FromGrid: Only when PMaxDisCharge attained

Night mode,

EQutinv: when available

EFrGrid
PV system

EQutinv: when available

E_Avail EFrGrid
PV system —_— r E_Avail
1 PV system e

E_Use
- ~
-EFrGrid A e
- EFTGri
E_BatDisch If Battery full and authorized  _ _ _ E User
r “EFrGn
E_BatDisch!
|

EFrGrid
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https://www.bdew.de/energie/standardlastprofile-strom/

Self-Consumption Simulation Results

1 MWp, self consumption

e 2024 KT
”/JL +15.2%

2267 KWhim® * 8693 m* coll.

%} 272%

efficiency at 3TC = 14.78%

2813 MWh

+0.75%

t1.10%
5 127%
2550 Mih

\;} -294%

&-0.29%
-10.74%

Horizontal global irradiation
Global incident in coll. plane

&M factor on global

Effective irradiation on collectors
P conversion

Array nominal energy (at STC effic.)
P loss due to irradiance level

PV loss due to temperature

Module quality lozs

Mizmatch loss, modules and strings
Ohmic wiring loss
Array virtual energy at MPP

Inwerter Loss during eperation (efficiency)

M -1.53% Inverter Loss over nominal inv. power
0.00% Inverter Loss due to max. input current
0.00% Inwerter Loss over nominal inv, voltage
-0.01% Inverter Loss due to power threshold
0.00% Inverter Loss due to voltage thresheld
2438 MWh Available Energy at Inverter Output
|
%-1.61% Battery IN, charger loss \
. Stored Direct use
grid . 41.0% <9.0% Battery Storage
zonsumption Yy 1 43% Battery global loss
9.2% (3.57 % of the battery contribution)
of time \q .
R t 1. 88% Battery OUT, inverter loss
158 Ma 2218 MWh 101 |MWh Dispatch: user and grid reinjection
-\_—_—_\_‘_‘——\_\_
to user to user to grid
from =olar

\ from grid

J
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EBatDis:

Weehi sat sn

Example: Commercial,
scaled to 2463 MWh/year - 7~

-‘:\}__J \v ) ‘_/‘.\; \
a0 W

Stored energy NRRENENN] |
(impacts battery lifetime)

firm

EBatDis-EBatCh: Battery storage efficiency (coulombic

CL_Chrg:
CL_InvB:

E_User:

E_Solar:
EFrGrid:
SolFrac:

E_Grid:
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efficiency, internal resistance, gassing),
Charger efficiency losses
Battery inverter efficiency losses

Total energy consumed by user
(hourly load profile)

Consumption coming from PV
Energy from grid
"Solar Fraction" (ratio of solar energy, to

total consumption)
the excess energy, injected into the grid
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Weak Grid Islanding Mode

Definition of periods of power outage

Like self-consumption, oo [ - g ——
Feb I T ™ e T
0 . C . Mar [L_J IR R . :
Battery discharge is limited to e e L
nay LI oo Lo L }
. . Jun N R M
sep L LT o : L U IR
L | e = T =
Nov =R i R : L : L
Dec L T T Do Co : : . : I
1 — 3| IT I al I11' |13I 1 I I17I |19I I21| 23I Iz Izrl 'zal |31
day of month
/// /’/;/// Disconnesion when grid OFF
o a"a/,’i’/’/ Solar e o >0 >0 Grid
///,/ A |
/’,/ ~ User
& v 7~ AC circuit
Mormal” device Charger SA inverter | Special device
Provides Grid-like signal
¢ T far mizleading the inverter
I . . N aeq .
Battery pack With/without grid injection
(only PV, not Battery)
y
yd -
v a"/at/’/’xf’/_)upm—nc nc}::.;i‘\_ Grid charger  |[€———C Grid
: I \\ Loss of Load is possible!
Battery pack [Stand-alone invertef—————) gzer_ .
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Grid unavailability
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Weak Grid Islanding Simulation Results

500 kWp, eak grid

Horizontal global irradiation

/LH 5.1% Global incident in coll. plane
F-ZGB% &M factor on global

2024 KWhim®

2287 KWhim® * 3881 m* coll. Effective irradiation on collectors

efficiency at STC = 14.78% PV conversion

1301 MWh Array nominal energy (at 5TC effic.)

PV loss due to irradiance level
PV losz due to temperature

WModule quality loss

Mizmatch loss, modules and strings
Ohmic wiring loss

1138 MWh Array virtual energy at MPP

Inverter Loss during operation (efficiency)
Inverter Loss over nominal inv. power
Inverter Loss due to max. input current
Inverter Loss over nominal inv. voltage

Inverter Loss due to power threshold
gric

Energy from the
—

Inverter Loss due to voltage threshold

1104 MWh Available Energy at Inverter Output

3.
miss|ng

277
of time:

[ Stoned

h—\ 483 MWh

-y
Direct use\ #0.14%

Sphe 96.5%

Battery IN, charger loss
Battery Storage

l\}-IJ.‘IB% Battery global loss
(5.32 % of the battery contribution}

Battery OUT, inverter loss

Unused energy (battery fully

23 MiVh 402 r.ﬁ.'«h &7Z MWh User needs, grid injection and missing enen
__;—'—'_'_'
UsEr en. to user to grid
missing from solar
\ and grid j
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EBatDis:

EBatDis-EBatCh:

CL_Chrg:
CL_InvB:
E_User:
E_Solar:
EFrGrid:
E_Miss:

SolFrac:

E_Grid:

EUnused:
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Stored energy
(impacts battery lifetime)

Battery storage efficiency (coulombic
efficiency, internal resistance, gassing),

Charger efficiency losses

Battery inverter efficiency losses

Total energy need (load profile)
Consumption coming from PV

Energy from grid (if available)

Missing energy (outage & empty batt.)

"Solar Fraction" (ratio of solar energy,
to total consumption)

Energy injected into grid (if possible)

Battery full and no injection possible
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Parametric Studies (Batch Mode)

Batch mode allows to run many simulations at once,
while varying many (30-40) different simulation parameters

Parameters that are useful in parametric studies with grid storage:

- PV Capacity

- Battery capacity
- Grid injection power limitation i
- Self-consumption profile —>"
- Grid unavailability

Output variables useful in
studies with grid storage:

PVsyst allows to output = 100

PV Power Average SOC Total battery loss Solar energy B o containing
Energy after battery SOC end of SOC energy Load direct from simulation results

simulation step balance solar Output of yearly, monthly, daily
Energy inj. to grid Charging time Charging loss Supplied load and hourly values is possible
Energy from grid Discharging time Discharging loss Solar fraction

. L Array and System
Energy from Sun Charged energy SOW due to cycling Missing energy Battery behavior
: . E
Discharged energy  Static SOW Loss of load nergy e
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Peak Shaving: Curtailed Energy

Overload loss as function of Pnom ratio

0.3-

Site dependency:
Latitude and climate

Diffuse
927 -~ High latitude
--- Sunny, warm desert
--- Sunny, high altitude

Meteo.data

Atacamal_MN72_SYN
—— Kuala Lumpur_Subang_MN72_SYN
== Sharurah_MN72_SYN

Stockholm_Bromma_MN72_SYN
0.1-

Overload loss

0.0+ Sttt
170 175 2‘0
Pnom ratio
(PV capacity normalized to
Injection threshold)

Bruno Wittmer Page 12

Curtailed energy that can be re-injected

Overload loss

“0.0-

06-
Grid limitation

/ defines re-injection

o
=
'

e
(8]
i

Overload defines
re-injection
6 5I 1‘0 1‘5

Pnom ratio
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Peak Shaving: Recovered Energy

Return = Battery Discharge x FIT
Battery cost = Battery Capacity x Battery price / lifetime

Simple balance

20000 -

10000 -

o

-10000 -

Revenue - Battery cost

-20000 -

-30000 -

Bruno Wittmer

1
Battery Capacity [MWh]

as.factor(FIT)
0.05
e 01
0.15
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1MWp system in sunny
desert climate

Vary Battery capacity in batch mode

Battery discharge energy is the
additionally sold energy

Assume constant FIT

Battery price : 150 S/kWh

Battery lifetime: 8 years

More complete calculations would

include cost of capital, devaluation,
varying FIT, etc.
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Assume that the battery is
used for daily storage

(battery transfers energy

from day to night)

Self-Consumption:
Generation/Consumption Mismatch

Daily energy consumption that is not
covered by direct PV generation.

Determines Battery Capacity

» In the limit for very
large systems:
Consumption outside

.« sunlight hours

Battery capacity

3.2MWh

l

Bruno Wittmer

PV capacity

label
0.5 HWp
1.0 Mwp
1.5 MWp

Generic load profile for

commercial consumers,

':::\ A scaled to 2463 MWh/year
C : == Source: BDEW

winter

Difference between daily PV
overproduction and energy need
Determines PV capacity

from grid «— | — to grid

PV capacity

label

= 0.5MWp
1.0 MWp
1.5MWp

DNeed + DSurp
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Self-Consumption: Parametric study

For a given load profile
vary PV and Battery Capacity

Commercial, scaled to 2463 MWh/year

150~

Parameters of Example:
Consumption 2463 MWh/year
Electricity price 0.13 S/kWh
PV costs 1.4 S/Wp
PV lifetime 25 years
Battery cost 150S/kWh
Battery lifetime 5-7 years
(acc. to simulated SOW)

Simple example:
No cost of capital considered
No ageing propagation from year to year

Savings:
Avoided energy purchase — System costs
(no return for injected energy)

8-

yearly

(o]
i

[MWh]

Savings

100000

50000

Bat.Cap

0
! -50000

2-

2.0

[MWp]

PV.Cap
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Summary and Outlook

Battery models for Lead-acid and Li-lon

Three dispatch strategies for grid-tied systems with storage:

- Peak shaving

- Self-consumption

- Weak grid islanding

Parametric scans are possible for detailed studies
- PV capacity

- Battery capacity

- Load profiles

- Power outage periods

Outlook:

- Propagate Battery ageing for multi-year simulations
- Add financial variables to batch output

- Implementation of real components

- Improve tools as understanding grows

- Implement optimization tool for storage
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