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Current research topics

Grid integration of renewable energy sources —
Evaluation of PV Power Plants — Wind/Solar power forecasting
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Stuttgart:
Photovoltaics (with Solab), Energy
Policy and Energy Carriers, Central

Division Finance, Human Resources
and Legal

Ulm:

Electrochemical Energy
Technologies,
Main Building & eLaB

Widderstall: Solar Test Facility
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Center for Solar- and Hydrogen Research
Baden-Wuerttemberg (ZSW)

ZSW is a non-profit foundation with 230 employees and a turnover of
ca. 35 m.€ (2016).

The focus is on Systems Analysis and Consulting

Photovoltaics : System Technology & Material Research
 Renewable Fuels and Reformers

* Fuel Cells and Hydrogen Technology
« Electrochemical Storage

From materials research to systems applications and production.




Research in Photovoltaics: from Materials (thin film CIGS)
to System Application and Testing

Materials- Production
research technologies Prototyping
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Industrial production

Transfer of
technology

PV Systems and Applications

Fmpmambnie 0%,

Quality &
aging



Photovoltaics: System Technology

« Module technology —
« System measurements

* Yield estimates and site appraisals / consulting
« Customer-specific indoor and outdoor testing
 Solar testing facility in Widderstall/Germany
 Grid integration of PV plants with energy storage and self-consumption
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Part |

GRID INTEGRATION OF
RENEWABLE ENERGY SOURCES




Cost of “Energiewende” in Germany
iIn a scenario of 1000 TWh from RES in 2050

Investment to save
energy in buildings

[Billion€]

Invest in RES
[Billion€]™"

Import of
fossile fuels

[Billion€]"

- creates jobs

7 s ~ | ‘ - adds know-how
O 0 O D e D
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2015 2022 2030..2035 2050

yearly invest for new installations of RES + investment to save energy

Turning point expected in 2030 ... 2035:
when savings on import =

Year > 2035: Energy System based on RES provides lower cost

and reduces dependancy on imports
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Profile of electricity generated from RES
2 sample weeks in year 2050 for >60% RES scenario

Generation and load in Germany 2050 - Year of Meteo Data 2006, week 15+16*
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* use surplus electricity from Wind and PV
* for electromobility
 to charge thermal storage
 for power-to-gas

* Norman GerhardI ‘Fraunhofer IWESI INTERAKTION EE-STROM| WARME UND VERKEHR“| Endbericht | Seﬁt. 2015|

-8-



Generation, Storage and Distribution Coupling of the 3 Energy
Sectors allows for Load Management to match up Generation and Load

S

Domestic

industry

Commerce

mobility
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Use surplus of electricity for Heat and Mobility

Phase 1: Phase 2: enhance Phase 3: increase
Deployment RES infrastructure interaction

electricity

conventional mobility based mobility

c | 17Twh 131TWh Y _ &
= u S 0
= @ J 427 TWh 415 TWh g X
& 5 o X
o & | 90 Twh 222TWh | R &

conventional electricity based

. heat and cooling
heat and cooling

End Use energie consumption (TWh)

2012 2025 2035 2050
(12% RES) (60% RES)

(1) use surplus of electricity for existing high temperature heating systems

(2) Increase deployment of RES

(3) continue deployment of heat pump for low temperatur heat

(7) increased use of electricity from RES at generation peaks for high temperature heat

* AdoEted from Norman GerhardI ‘Fraunhofer IWES et.aI.IIIINTERAKTION EE-STROMI WARME UND VERKEHR®, Endbericht , Sept. 2015, sw



PV Storage Systems and Grid Integration of PV

Power (kW)
N w s

NS -
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Time of day ~ 9% Jan-01 Day of the year

4000f
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=

= 2000
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0

Design of PV battery systems

Characterisation of battery operation
and ageing

Energy management, optimisation of
self-consumption

Strategies to minimize grid loading
Smart grids on distribution network level

- = Injection power limit
PV power [W]

—— consumption [W]
— Injected power [W]

03:00 06:00 09:00 12:00 15:00 18:00 21:00

Time of day

— SOC battery [Wh]
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o«
Grid Integration of PV by #Olrab

Model Predictive Local (Storage) Control

Goals of the Optimization
« Maximization of own-consumption of locally produced PV energy
« Compliance with feed-in limits into the grid

Model predictive local control: Calculation of optimized profiles for charging
power and load power from forecasts of irradiance, electrical and thermal loads

Energy

Management
= Ppv. System
“I EVAR e D s .
»
_ — P
ﬁii Battery . it
~ Charge control
. EPGrid -
: W . — : Grid I
Domestic water 3— ok QueJHeat pump Pup e |
o ower contro
L_Space heating _|4— 1
A
Hea /PHeat
_Electrical appliances ==




Model Predictive Control
operating principle

2. Optimization

« Calculate the optimized trajectory to achieve goals
 Objectives: - minimizing energy costs
- comply with grid limits

3. Controller
* Processes setpoints from MPC
» Generates signals for

* Battery Charger

* Heat pump

* Heating System

PV-Storage—System
Measurements i = s Control signals
e il

According to: Dittmar, Pfeiffer; Modellbasierte pradiktive Regelung. sw

Energy tariff (24h ahead)

Controller

-13-



Curtailed Energy and Self Consumption
(Feed In Limit: 30% PVpeak)

Comparison of curtailed energy and self consumption levels

_ 80or — Self Consumption —#=Curtailed Energy
>,
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Direct Peak Delayed Modell MPC
Charging Shaving Charging Predictive (perf.
Control predictions)
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Storage and Load Management within the Distribution
Network (Virtual Power Plants)

Einbindung in das Virtuelle Kraftwerk von Vattenfall Projekt EnVisaGe
- Stromnetzgefuhrtes Lastmanagement -
Virtuelles Kraftwerk — & e T
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Warmepumpe
Pufferspeicher

1 T 1 1] 1 1] Agrothermie
I$ = Kollektoren
1 1 Quelle: Doppelacker

ZSW: < Development and comparison of storage and load management schemes
that are optimized with respect to interests of the supplier of electricity,

grid operator and/or customer
» implementation of such schemes through selection of HW and develop-

ment of SW for control and communication at customer premises




Part Il

EVALUATION OF PV POWER
PLANTS




Failure modes of PV modules

A

Bubbles

Transport damage Hot-spots

PID Hot bypass diodes

Soiling TCO-Delamination EVA-Browning

How can we provide accelerated lab tests
to avoid reliability issues in the field??

-




ZSW Photovoltaics Test Laboratory Solab

Bankability and quality tests

c-Si and thin film

Relative STC-Power [%]

STC and low-light power measurements
Potential-induced degradation (PID), IEC 62804

Stress tests according to IEC 61215, 61646, 61730 and beyond

Mechanical load, electroluminescence, thermography

;olab

ZSW Photavoltaik-Testlabor

PID-Test: 85°C/85% rel. Hum. with -1000V Bias
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ZSW Consulting for Manufacturers, Investors, Project
Developers, Research Partners

 Technical due diligence

* PV System measurements
and acceptance tests

* PV module factory inspection



Evaluation and benchmarking of PV Power Plants

Final Yield Yf:

Yf = Eo /Po

- Eo energy vyield delivered to grid (MWh per day or year)
- Po rated power of PV plant (MW)

Reference Yield Yr:

Yr =Hi / Ggpe

- Hi irradiation on PV array (kWh/mz2 per day or year)
- Ggrc reference irradiance (1 kW/m?2)

Performance Ratio PR:
PR =Yf/Yr (PR is dimension less)
- PR depends on module temperature, technology, site



Performance Ratio PR for PV systems in Germany)*

85 1

75
1
65

PV systems monitored in year 2010

Monitored Performance Ratio in year 2010 [ % ]

« Performance Ratio target: 85% and beyond

)*Source: International Energy Agency IEA Report IEA-PVPS T13-03:2014 m~sw
' =
- p——
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ZSW Services for O&M of PV plants

 Performance assessment based
on operational data

* |dentification of deviations on
string/inverter level

« Field inspection and failure
analysis

« Training and workshops

Inspection of 50MW PV in Quinghai/China by ZSW

-22-

‘”x‘/b
ks



Part Il

PV/WIND POWER FORECASTING &
OPTIMISATION OF POWER PLANTS




Photovoltaics and wind power forecasts

Probabilistic wind

. —— Forecast
Photovoltaics forecast— wessusenen power forecast

example /\
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e

normalized RMSE [%)]

Photovoltaics forecast
error for Germany

12 24 36 48 60 72
forecast hornizon [h)
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normalized RMSE [%]
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w—— ECMWF NRMSE and bias {8233 samples)

// Wind/Solar Power Forecasting

simple persistence

s improved persistence
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m— ZSW NRMSE and bias (8233 samples)
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The P’ IONEER model:

Simulation and optimization of hybrid power plants

9“@

E-Demand

E-Mobil

- Biogas St.

Heat St.

H-Demand

N G-Mobil

CHg St.
@ =Producer @ =Converter

@ =Storage

@ =Consumer
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Levelized Costs Of Electricity in €ct/kWh

P’ IONEER optimization
goals

Optimal Levelized Costs of Electricity
13 -

Substr.

sWAFREN \Nater

10

Turbine

PV

Wind

-1,674 Heat

Final Selling Parts
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Optimal Energy Mix

Methan P2G
13,19%

1,7%
I_ggrpyed Storage

3,2%
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Overall situations

relative yield error [%]
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Measure-Correlate-Predict (MCP):
Benchmarking wind power long-term yield prediction

3 Standard-MCP
Bl Matrix-MCP

Bl EWC-NN-MCP |

Complex terrain

14

relative yield error [%0]

3 Standard-MCP
Bl Matrix-MCP
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* Energy systems based on RES offer
many benefits
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Time of gy © 01 ™ bo0 fihe vear « Grid integration of PV plants with sector
coupling, self-consumption, energy
’_{JN storage & smart energy management
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Do you know the performance of your
solar park?

ZSW Services for O&M of PV plants

Do you know the yield of your PV plant
for the next 60 hours?

ZSW Photovoltaics forecasting




/[ Energy with a future

[l Zentrum flar Sonnenenergie- und Was

Forschung Baden-Wirttemberg (ZS) ¢

Thank you for your attention!

Photovoltaics, Energy Policy and  go\ar Test Facility Electrochemical Energy Technologies,
Energy Carriers, Central Division Main Building & eLaB

Finance, Human Resources &
Legal




