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Tasks of independent engineers
Along the whole project life time

Planning phase
- Evaluation of project idea
- Potential analysis

- Definition of project
requirements

- Identification of
challenges

- Identification of risks

- Identification of
chances and benefij

Implementatio  phase
- Commissioning tests

- Ongoing quality
monitoring

opment phase

imulation based system
design and optimization

- Elaboration of specifications

- Support in component
selection and system setup

- Laboratory tests - Frequent reporting

- Consultancy in product selection _support in

- Neutral contact point for Decommissioning
financial and insurance sector

- Identification of component
and system failures

- Identification of
optimization potential

- Consultancy in terms of
- Consultancy for construction recycling
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Motivation and applications of larger photovoltaic
battery systems

B Integration of battery storage in PV power
plants

- Feeding-in of PV power according to the
needs of the grid i
—> But: Battery storage increases the LCOE _“Ws

B Integration of battery storage in commercial
grid connected PV applications

- Increasing PV self consumption and reducing
electricity bill

- But: Reasonable usage depends on specific
boundary conditions and system performance

M Integration of battery storage in hybrid PV
Diesel mini-grids
- Increasing the solar share and decreasing
Diesel cost

- But: Economic benefits depend on project
life-time and proper system design
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Quality assurance for photovoltaic power plants with
battery storage
From project planning to system monitoring

TECHNICAL ADVICE ON STORAGE SELECTION
AND DIMENSIONING

CHARACTERIZATION OF BATTERY

YIELD PREDICTION FOR THE OVERALL SYSTEM

QUALITY MONITORING
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Quality assurance for photovoltaic power plants with

battery storage

From project planning to system monitoring

TECHNICAL ADVICE ON STORAGE SELECTION
AND DIMENSIONING

CHARACTERIZATION OF BATT]

YIELD PREDICTION FOR TH

QUALITY MONITO¥F

LCOE [Euro/kWh]
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in the battery

Direct used energy

Time

i
A\ _///“,:/‘f"“//’/rﬁ
W

20 25 30 35 40 45 50 55 60 65 70 75 80 85 90 95 100
PV Feld [MW]

—— PV-Li 20MW 3h

—#—PV-NaS 20MW 3h

—— PV-RDF 20MW 3h

——PV-LA 20MW 3h

* PV Ref 20MW
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Quality assurance for photovoltaic power plants with
battery storage

From project planning to system monitoring

Cell temperatures of a module @ 1C/1C
28 - 50 —Temp. Cell 1

40 —Temp. Cell 6
TECHNICAL ADVICE ON STORAGE SELECTION 27 3 Temp.Cell12
AND DIMENSIONING T2 20 T CurentiAl

g f =
225 ‘o %
g L0 §
524 - -20 ©
23 r -0
- 40
22 © -50
1.1 T T T 0 5000 10000 15000
Niherungen bei T=40°C, Time [sec]
variablem Start—-SOC
= 50% Start-SOC 100
: = 20% Stop-SOC
psl 95
= 30% Start-S0C )
% = 0% Stop-SOC = 90
* g g5
95% Start-SOC o m10cC
= 65% Stop-SOC é" 80 mQ05C
' | ! i @ m02C
o 0 5000 10000 15000 80% Stani—SOC % 75
= 50% Stop—SOC -8
Umsatz in Wh < 70
* o e o Star—/Endwerte mit
Standardabweichung 65
60
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Quality assurance for photovoltaic power plants with
battery storage
From project planning to system monitoring

MWh  mMonthly PV Genera tion
120

100

80

60

TECHNICAL ADVICE ON STORAGE SELECTION
AND DIMENSIONING "’“

20
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QUALITY MONITORING 1 = HZ systemn at PV = 70 MW + Lead-acd battery at PV = 45 MW
- wic storage at PV =45 MW = wio storage at PV = 25 MW
8 —
~ Fraunhofer

© Fraunhofer ISE
ISE



Quality assurance for photovoltaic power plants with
battery storage
From project planning to system monitoring

TECHNICAL ADVICE ON STORAGE SELECTION
AND DIMENSIONING
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Quality assurance for photovoltaic battery systems in
commercial applications and mini-grids
From project planning to system monitoring

Charge
Controller
[

Inverter 2

Ves Battery
TECHNICAL ADVICE ON STORAGE SELECTION :E.
AND DIMENSIONING

CHARACTERIZATION OF BATTERY Eyoaq v Epy

(MWhldl; sommer period — tfa"ﬂti:n le——— winter period ——— trszs_i;i;m i
16 n .
ol L
YIELD PREDICTION FOR THE OVERA.LL SYSTEM 12 “ ' N i |
10 iﬂ
8 |
4 | 1
2
0

QUALITY MONITORING
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Quality assurance for photovoltaic battery systems in
commercial applications and mini-grids
From project planning to system monitoring

ANALYSES OF LOAD PROFILES

-

T >

© Pohlen Solar GmbH

SYSTEM TESTING

QUALITY MONITORING
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Example: Commercial PV battery system
Analysis of load profile and PV generation profile

Load (bakery):

: 120 .
. . ] I I
g; g SI\L;I\TVF;;C/IO”' Weekly Time Series of Load and PV Power
a Power [kW] | |
B Max. power: -y | Load Consumption PV Generation
118 kW | %
| | ; _i 8
PV example: " - ¥
. Size: 80 u .i.' E-'.->' = B
150 kWp ""-. j 1
B Production: N '
135 MWh 60 “
40 # é
20 , £ ik J J
. of L &
0 2 3 4  Day of Week [Monday... Sunday] 7
12 -

= Fraunhofer

ISE



Example: Commercial PV battery system
Simulation based system analysis and design

Load (bakery):

B Consumption:
335 MWh/a Grid
® Max. power: Connection
118 kW
Integration of a PV Prio 3a: Feeding-in Prio 3b: Purchasing
system and a lithium-ion from PV to Grid from Grid to Load
battery storage:
W Variation of PV PV System Prio 1: Direct Self Cunsumptmn
system size (Modules + ; Load
B Variation of battery Inverter) from PV to Load
storage size
Prio 2a: Charging Prio 2b: Dlscharglng
from PV to Storage from Storage to Load
Storage
(Battery System +
Inverter)
——
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Example: Commercial PV battery system
Simulation based system analysis and design

Levelized cost of energy

Main parameters: (0,24 - - - - - - - - - : - -
Levelized cost of consumed electricity -e-PV: 500 kWp; Batt: 200 kWh
=PV SyStem: -=-PV: 500 kWp; Batt: 500 kWh
840 €/kW =0.17 ... 0.22 €/kWh; composed of: : p; Batt:
P PV tion: 0.052 £/kWh -=-PV: 1 MWp; Batt: 200 kWh
B Battery system: © eneration: ™. --PV: 1 MWp; Batt: 500 kWh
600 €/kWh 0.22 Grid feed-in tariff: 0.10 €/kWh . PV: 2 MWo: Batt: 200 kWh
! Grid end-user tariff: 0.30 €/kWh ’ p; Batt:
B Battery inverter: = Electricity Storage: 0.17 ... 0.29 €/kWh ~-PV: 2 MWp; Batt: 500 kWh
215 €/kW ] ,
W 3
B Interest rate:
3 %/a 0,20 —a D\ e
* g o - |
J
- /- & & i
0,18 - hd ® L
0.16 C/POPt ~7h Battery: Capacity/Power [kWh/kW = h]
) 2 a4 6 8 10 12 14
14
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Example: Commercial PV battery system
Simulation based system analysis and design

Levelized cost of electricity storage

0,30

0,24

0,22

0,20

0,28 -

0,26

0,18 °

0,16 -

T

Levelized cost of electricity storage

—~-PV: 260 kWp; Batt: C/P = 7h
~=-PV: 320 kWp; Batt: C/P = 7h
-e-PV: 400 kWp; Batt: C/P = 7h
-e-PV: 700 kWp; Batt: C/P = 7h
-=-PV: 1 MWp; Batt: C/P=7h
--PV: 2 MWp; Batt: C/P=7h

500 1000 1500

Battery capacity [kWh]

2000
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Example: Commercial PV battery system
Simulation based system analysis and design

Levelized cost of consumed electricity

0,30
Levelized cost of consumed electricity
=0.17 ... 0.22 €/kWh; composed of:
0,28 7 PV generation: 0.052 €/kWh
Grid feed-in tariff: 0.10 €/kWh
0.26 Grid end-user tariff: 0.30 €/kWh

'Electricity Storage: 0.17 ... 0.29 €/kWh

0,24

[€/kWh]

0,22

0,20

-e-PV: 260 kWp; Batt: C/P =7h
~+-PV: 320 kWp; Batt: C/P =7h
--PV: 400 kWp; Batt: C/P =7h
~»-PV: 700 kWp; Batt: C/P = 7h
--PV: 1 MWp; Batt: C/P=7h
-=-PV: 2 MWp; Batt: C/P=7h

0,18

0,16 -

Battery capacity [kWh]

0 500 1000 1500

2000
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Example: Commercial PV battery system
Simulation based system analysis and design

Battery storage: Equivalent full cycles as a function of usable capacity and power

400

Storage cycles per year

~PV: 2 MWp; Batt: C/P = 7h
---PV: 1MWp; Batt: C/P=7h

300
-=-PV: 700 kWp; Batt: C/P =7h
-=-PV: 400 kWp; Batt: C/P = 7h
-»-PV: 320 kWp; Batt: C/P =7h
-e-PV: 260 kWp; Batt: C/P =7h

200

100

0 Battery capacity [kWh]
500 1000 B 1500 2000
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Example: Commercial PV battery system
Simulation based system analysis and design

Battery storage: Aging as a function of usable storage capacity and PV power

75% -

70%

65%

[% of initial value]

60%

55%

Storage degradation: Decreased capacity after 20 years

500

=

—-PV: 260 kWp; Batt: C/P = 7h
~=-PV: 320 kWp; Batt: C/P = 7h
--PV: 400 kWp; Batt: C/P =7h
-e-PV: 700 kWp; Batt: C/P = 7h
--PV: 1MWp; Batt: C/P=7h
--PV: 2 MWp; Batt: C/P=7h

Battery capacity [kWh]

1000 1500 - 2000
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Example: Commercial PV battery system

Simulation based system analysis and design

Battery storage: Annual average storage efficiencies

95%

94% -

93% -

92% -

91%

920%

89%

88% -

Storage efficiency: Annual average

500 1000

—-PV: 2 MWp; Batt: C/P = 7h
---PV: 1MWp; Batt: C/P=7h
-=-PV: 700 kWp; Batt: C/P=7h
-e-PV: 400 kWp; Batt: C/P =7h
-»-PV: 320 kWp; Batt: C/P=7h

-=-PV: 260 kWp; Batt: C/P =7h

=

Battery capacity [kWh]

1500

2000
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Example: District storage system

Simulation based system design
DSO

- "Weinsberg"”

Optimization criteria: ———m e L Boarder of
« e . . LSO property
Minimization of grid dependency - -
Physically not only accumulated v PV system
AC-D(Mm) 142 kW,
A/Q—EJ\?
M EZA
0—@
I. Current sensor
+
AC-ID3
Loads =M
+ - -
@ CHP unit
+ ACIS + 6-12 kW,
IAC—IDﬁ IAC-ID4 €

> 5 __,.' 1
L 9 -y

| v'Source: deren

Heat pump 25,
35 and 45 kW,

Battery storage 120 kW / 150 kWh
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Example: District storage system - “Weinsberg”
Monitoring: Accumulated annual electrical energies

Simulation Monitoring 2015/ 2016

3%

2%

PV direct x 1.20

PV via storage x0.75

CHP direct x 0.80 |:>
CHP via storage x 0.30
Grid fraction x 2.00

Reasons for differences:
» Problems with air conditioning 2 To high temperatures in operation room - Shut-down of

CHP unit and battery inverter
> Necessary maintenance interval of CHP unit in winter (!)
» End-users do not behave 100 % as predicted (!)
21 E® = Fraunhofer
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Example: District storage system - “Weinsberg”
Monitoring: Analysis of storage operation

0%

120%

100%

| day [% of Cy]

80% -

60% -

40% -

20% -

Battery storage

-~ Normalized charge per

| ‘ =+ Normalized discharge
\ per day [% of Cy]

-+ Daily average energy
efficiency [%]

Annual average values:

B Charging with 67 %
of nominal capacity
B Discharging with 54 %

‘ of nominal capacity
B Energy efficiency: 81 %

L‘ Calendar week

YYYYYYYYYYYYYYYYYYYYYYYYY 2015/2016
27 29 31 33 35 37 39 41 43 45 47 49 51 53 02 04 06 08 10 12 14 16 18 20 22 24 26
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Example: PV mini-grids without storage
Simulation based system analysis and
design

W 3 cases with varying load profiles
B Diesel consumption: Saturation at an application specific PV system size

Diesel saving potential

w
o

10 20 30 40 50 60 70 80 90
PV size in percentage of load peak in %

B Egyptian industrial unit case
|_|Greek island case
BNepal village case

N
o

N
o

3500 |
7100 |

Diesel yearly savings in %

o
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Example: PV mini-grids without storage -t

. . . ce ]

Simulation based system analysis and v €,

design |

B Example Uganda m PV Diesel hybrid system:

B Load: » PV system (incl. power electronics): 1.5 Euro/Wp
» Peak load: 200 kW » Battery system: 220 Euro/kWh

» Annual consumpt.: 574 MWh > Diesel: Invest 273 $/kW; Fuel 1$/I; Maintenance: 0.7 $/h

Levelized cost of electricity

<
0,40€ N

T \Project life time: 20 years !!! ——PV Diesel hybrid system
o :: -‘\‘\N\‘-\\~‘E\k
0,25€ i \\

0,20€ S S

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

Solar share

o
w
o
tth

Euro/kWh
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Services towards certification
From product development to project implementation

Strategic partnership of Fraunhofer ISE and VDE Renewables

PRODUCT DESIGN &
PROJECT PLANING

u Analyses of load profiles

B Technical advice with foous
on product design and
optimization

B Simulation-based system
design and component
dimensioning

m Yield prediction

® Recommendations on
component selection

TESTING & PROJECT
DEVELOPMENT
B Economic feasibility

simulation-based
system analyses

B Characterization of
COATIOEs

B performance testing

B Lifecyde testing

B Conformity testing

B Electrical safety &
EMIC testing

B Benchmark tests

B Environmental
simulation

B Abuse tests

B United Nations
Transport Test

CERTIFICATION &
IMPLEMENTATION
® Certification of Zi Fraunhofer N VDE
whole Energy
Storage Systems
B System testing

B Ongoing quality
Mnitering

Services for Stationary Energy Storage Systems
from Product Development to Project Implementation

Strategic Partnership - Fraunhofer ISE & VDE Institute
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Conclusions

B [ntegration of battery storage in PV power plants, commercial PV systems and
hybrid PV mini-grids requires several steps of quality assurance:

» From detailed load profile analyses to application specific system design and
yield prediction

» From characterization of components in the laboratory to system testing in the
field and quality monitoring of the entire power plant

B Detailed simulation based system analysis:

» Enables an “early” identification of application specific operating conditions of
a battery storage

» Enables life time predictions and determination of levelized cost of energy
storage and levelized cost of consumed energy by using aging models

» Enables an application specific optimization of the entire system design

» Enables an application specific optimization of the operating control strategies
B Monitoring of battery storage systems:

» Very important as no long-term field experience exists with new technologies

» Enables an early identification of component and system failures

» Enables a verification of the system design and an early identification of
optimization potential (component and system level)

26
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Thanks for your attention !!!

Fraunhofer Institute for Solar Energy Systems ISE

Dr. Matthias Vetter

www.ise.fraunhofer.de
matthias.vetter@ise.fraunhofer.de
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