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Status quo of the German Energy Transition – Installed RES capacity

The RES capacity reaches 100 GW in Germany in 2016 and already 
exceeds the max. vertical peak load by more than 20 GW. 
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40 GW PV 
(> 1.5 Mio PV plants)

41 GW Wind 
onshore
7 GW Biomass & 
others
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Natural Gas: 28 GW

Lignite: 21 GW

Hard Coal: 28 GW

Nuclear: 11 GW

Growth of RES in Germany 1990 - 2015:*
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Increasing feed-in of renewable energy is changing the electricity 
markets and grid operation

*Source: Fraunhofer ISE: www.energy-charts.de 

Electricity production and spot market prices in Germany (Week 18, 2016):*

Status quo of the German Energy Transition – PV market impact
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Distribution system undergoes a huge transition

*Source: www.energymap.info

Distribution of installed RES capacity over different 
voltage levels in Germany:*
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Status quo of the German Energy Transition – Grid transition (1) 

Increasing PV hosting 
capacity through 
optimal balance 
between grid 
reinforcement, 
investment in smart 
grid technologies and 
using smart inverter 
functionalities
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High Penetration of Wind & PV in distribution system

*Source: www.energymap.info (24 Aug 2015)

Status quo of the German Energy Transition – Grid transition (1) 
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Impact on the Grid – Reverse Power Flow

PV generation can cause reverse power flows on distribution lines 
and lead to high voltage magnitudes.

Source: Eilenberger, Braun (University of Stuttgart, IEH, 2012)

Distribution Grid in 
“Sonderbuch”
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Grid information:
 Low voltage system with 80 

households
 Peak load: 130 kWp

PV capacity:
 1,200 kWp
 60 Systems
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German MV case study:*

*Source: Bayernwerk AG

More and more distribution grids are changing from consumption 
to supply grids.

Status quo of the German Energy Transition – Grid transition (2) 
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The spread between feed-in tariffs and household electricity costs 
provides a strong incentive for PV self-consumption.

Status quo of the German Energy Transition – New business cases 
for PV

Development of household electricity price and 
feed-in tariff for PV systems (< 10 kWp):

Business cases for 
PV systems in 
combination with 
battery storage 
systems or heat 
pumps emerge:
> 60,000 PV battery 
systems in GER

Self-consumption 
incentive is also 
partially steaming 
from avoidance of 
grid fee and tax 
payment  
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Back to the future II – PV/Wind growth ahead

Scenario: Energy system transformation in Germany with PV-/Wind

Flexible power plants 
(biomass and power-to-
gas)

Necessary measures:

Reinforced distribution  
grids

Sector coupling through 
heat pumps, power-to-X 
and e-mobility

*Source: IWES, Kasseler Symposium Report 2017
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Smart Grid Integration of PV Systems – Overview 

Several different actions for grid integration.

Support Frequency 
Control

Match Supply 
& Demand

(Local Consumption)

Support Voltage Control 
(static and transient)

Integrate PV Systems in 
System Security Actions 

 Active Power 
Curtailment

Smart  Grid 
Integration of 
PV Systems 
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Smart Grid Integration of PV Systems – Frequency Support

A harmonized frequency support of PV inverters is necessary.

Past and status quo of frequency support:
 Underestimation of the relevance of PV systems for frequency stability
 Old systems: Discrete disconnection at one frequency value e.g. 50.2 Hz (catalyzer

towards frequency collapse)
Actions:
 Change in grid code: VDE-AR-N 4105
 Introduction of a characteristic curve method:
 50.2 Hz < Grid frequency fGrid ≤ 51.5 Hz: ∆P Power 

reduction: -40%* Generated Power PM/Hz
 47.5 Hz ≤ fGrid ≤ 50.2 Hz: No restrictions
 fGrid < 47.5 Hz and fGrid > 51.5 Hz: Safety 

disconnection and loss of generated power Retrofitting of 
existing systems 

Source: VDE (2011)

fGrid

50.2 Hz 

∆P =
40%*PM/Hz

∆P 

∆P fGrid
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Increasing the Grid Hosting Capacity / Reduction of 
Reinforcement Costs by Maintaining Voltage Limitations 
Reactive Power Control according to grid codes and 
OLTC

Cost Reduction Potential
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Smart Grid Integration of PV Systems – Integration of System Security

Extend the remote control of PV active power in order to react 
sufficiently in cases of critical grid situations.

Source: Büdenbender, Braun (IWES, 2011)

A standardized control and communication interfaces required.

Example for Integration of System Security
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Smart Grid Integration of PV Systems – Local consumption

PV storages systems are able to provide grid support if operated 
correctly.

Source: Büdenbender, Braun, Magnor, Jossen (IWES, 2009)

Increased Local Consumption 
through PV-Battery System Results

Control strategy:
 Incentive Self consumption 

(in EEG law)
 Peak shaving vs. Energy shifting

Effects on the grid:
 Depending on capacity of the 

battery
 Depending on the control strategy

Support Scheme for PV-Battery 
systems: feed-in limit to 50% of kWp
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Smart Grid Integration of PV Systems – Multifunctional 
Storage Systems

Source: T. Stetz, K. Büdenbender, M. Braun  (IWES)

Provision of backup energy

Uninterruptible Power Supply

Islanding operation

Black start

Local energy management

Balancing services (e.g. 
frequency control services)

Provision of energy for energy 
market participants 

Keeping voltage limitations

Improvement of power quality

Reduction of grid losses

Reduction of capacity utilisation
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Summary Experiences in Germany

 High PV grid penetration of many distribution grids in Germany      
 Further PV growth is expected Status Quo

 Reverse and additional power flows: 
 Additional loading of grid components and voltage rises
 Grid reinforcements necessary

 Grid stability (frequency and voltage)
 Extension of T & D system  Matter of time & costs
 Frequency support:
 Harmonize integration of frequency control

 Voltage support:
 Implement different voltage control approaches for cost reduction

 Integration in systems security actions:
 Standardized control and communication interfaces required

 Local consumption
 Design measures to increase local consumption / reduce peaks

Impact on    
the Grid

Smart 
Integration
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Several buzz words

Grid Modernization

Active Distribution 
System

DNO  DSO 1.0 
 DSO 2.0

Smart Grid

Bidirectional Grids

Future DNO?

Future of Distribution Network Operators
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EEGI Smart Grid Modell

Source: European Electricity Grid Initiative Roadmap and Implementation Plan 2010
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IEA PVPS Task 14: 
From Uni- to Bi-Directional Distribution Grids

The electricity supply system of every country will typically face three different 
development stages as it increases the share of PV to the total electricity mix:

Stage 1: Low/ medium PV penetration in a few distribution grids
 Local consumption exceeds local generation
(uni-directional distribution grids)

Stage 2: High PV penetration in a few distribution grids
 Local generation exceeds local consumption
(bi-directional distribution grids)

Stage 3: High PV penetration in many distribution grids
 PV as a major electricity source
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IEA PVPS Task 14: Three Phase Model of VRE 
Integration

Passive Role Increasing Hosting Capacity

Integral 
Part of 
System 

Operation
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Mega Trends

- Decarbonization  RES

- Decentralization  RES in distribution

- Digitalization  data, information, communication, automation

- Autarky  cellular microgrid approach
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DG integration 
(system stability)
- Grid Codes (control)
- Ancillary services 

(operation)

Customer Integration 
(including customer 
storage integration)

DG integration 
(planning)
- Hosting capacity
- Grid reinforcement

Microgrid Structures

Development 
Categories in 
Phase Model

Phase Model: DNO  DSO 1.0  DSO2.0

from Network Operator to System Operator
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Phase 1: DNO
Phase 2: DSO 1.0
Phase 3: DSO 2.0
Decarbonization & Decentralization 
 RES in distribution grids

Digitalisation
 data, information, communication, automation

Phase 1: guarantee system stability with grid codes (plant 
readiness)
- Voltage stability (static & transient)
- Frequency stability 
- System stability  Active power curtailment / 

generation management
- Power Quality
- Protection

Phase 2: DSO readiness with ICT / control center 
infrastructure

Phase 3:
- DSO with increased system responsibilities with DG 

 all ancillary services by DG & coordination 
DSO/TSO

- Inverter-dominated grids require new control design 
(e.g. grid-forming characteristics)

Phase 1: 
P,Q remote control incl. ICT (plant readiness) 

Phase 2: improve observability and controllability
DMS/EMS Control Center readiness (on relevant 
voltage levels)
- Observability: Sensors  distribution state 

estimation (DSE) in MV
- Congestion management
- Volt/Var control

Phase 3: 
- Smart metering & Forecasting  DSE in LV
- Automation to operate at physical limits
- RES/DG: all ancillary services functionality 

(voltage control, frequency control, congestion 
management, network restoration etc.)

- DSO/TSO coordination
- Smart Grid / Smart Market  regional markets

DG integration (system stability)
- Grid Codes (control)
- Ancillary services (operation)
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Phase 1: DNO
Phase 2: DSO 1.0
Phase 3: DSO 2.0
Decarbonization & Decentralization 
 RES in distribution grids

Digitalisation
 data, information, communication, automation

Phase 1: grid reinforcement if necessary
a) Just do it (grid reinforcement) in case of

- voltage violations
- equipment overloading

b) include local Volt/Var Control

Phase 2: increase cost-efficiency
- new components (e.g. OLTC transformers)
- P-curtailment
- More detailed planning

Phase 3: further increase cost-efficiency
- Use extended P/Q flexibilities 

Phase 1: worst case approach

Phase 2: increase cost efficiency
- improve planning capabilities: 
- Update planning rules
- Digitalization of grid data 
- Integration of planning & asset management
 New planning tools

Phase 3: (first MV then LV)
- Sensors + ICT: State Estimation 

 Increase Observability
- Automation: 

 Operating at higher cost-efficiency
- Regional markets for flexibilities?

DG integration (planning)
- Hosting capacity
- Grid reinforcement



Martin Braun
Integration Conference
New Delhi, India | 7 Sep 2017

27

Phase 1: DNO
Phase 2: DSO 1.0
Phase 3: DSO 2.0
Decarbonization & Decentralization 
 RES in distribution grids

Digitalisation
 data, information, communication, automation

Drivers for storage: 
- energy efficiency in transport and heating/cooling 

(EV, heat pumps, CHP)  cost – efficiency 
(customers have it)

- net metering (business model for controllable loads 
and storage?)

Phase 2: battery storage appears in the system
- grid codes according to DG
- grid codes symmetrical in load correspondence 

Phase 3: Demand response schemes and massive 
storage integration to guarantee energy balance by 
increased system flexibility
- storage integration in system operation
- Demand response schemes to increase cost-

efficiency (grid codes, smart homes/buildings) 

See DG integration

Drivers for Smart Homes: 
- Digitalisation trend
- technological-oriented customers

Drivers for Smart Meters: 
- Reduce non-technical losses?
- Observability of changed customer behavior!
- Controllability of customers (payment culture, 

voltage checkups etc.)
- etc.

Customer Integration 
(including customer storage integration)
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Phase 1: DNO
Phase 2: DSO 1.0
Phase 3: DSO 2.0

Autarky
 cellular/microgrid/island approach 

Drivers for Microgrids:
- Increase reliability 
- autarky

Driver for Island grids: Connection to interconnected 
bulk system too expensive

Phase 1: Islands and Industrial Emergency
- Grid Codes for Island Grids
- Application in island grids (remote from mains)
- Application as USP in industry, hospitals etc.

Phase 2: Microgrids
- Grid Codes for Microgrids
- Automation

Phase 3: Resilient cellular system designs
- Distributed automation
- Planning tools

Microgrid Structures
(balancing load and generation)
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Conclusions

 Different phases of VRE integration in interconnected systems

 Phase 1 (VRE integration started): 
grid extension where needed
plant control readiness  grid codes!

 Phase 2 (significant VRE penetration in certain distribution grids):
DSO readiness: planning & operation with large-scale VRE

 Phase 3 (significant VRE penetration throughout distribution grids and on national 
scale in transmission): 
DSO with significantly increased system responsibility:
all ancillary services by VRE, storage, new control design (inverter-
dominated grids)

 Microgrids/Island grids

 Increased reliability in microgrid structures possible (Phase 3)

 VRE-based islands grids  start in Phase 3 with full system responsibility
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Energy System Technology to realize 
the ‘Energiewende‘

Energy Economy 
and System Design

Energy Networks

Energy Storage 
System TechnologyEnergy Informatics

System Integration

Energy Meteorology 
and Renewable 

Resources

Energy 
System 

Technology



Martin Braun
Integration Conference
New Delhi, India | 7 Sep 2017

31

Contact

Prof. Dr. Martin Braun
Head of Business Field
Grid Planning and Operation
 Mail: martin.braun@iwes.fraunhofer.de
 Phone: +49 561 7294 118
 www.iwes.fraunhofer.de

Fraunhofer IWES - Business Field 
Grid Planning and Operation

• Techno-economic studies for analyzing, 
planning, operation, control, stability of 
power systems

• Automated Planning Tools
(e.g. pandapower http://www.uni-
kassel.de/go/pandapower )

• Operational Tools (algorithms for 
ancillary services, hardware/software 
platform for pilot systems)

• (Co-Simulation) Test Platforms for 
operational solutions (www.opsim.net)

• Multi-Energy System Planning and 
Operation (Power, Heat, Gas)

• Microgrid/ Hybrid System Test Bench 
and PHiL Tests
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Contact

Prof. Dr. Martin Braun
Chair of Energy Management and 
Power System Operation 
• Mail: martin.braun@uni-kassel.de
• Phone: +49 561 804 6202
• http://www.uni-kassel.de/eecs/e2n

Department Energy Management 
and Power System Operation - e²n
• Development of models, methods, 

algorithms and tools for analysis, 
operation and control, and design of 
the future decentralized power system 
with high share of renewable energies. 
e.g. pandapower

• Multi-Objective/Perspective/Level 
Optimisation of the power system

• Simulation of the power system over 
time scales and system levels.

• Resilient Control Design incl. power 
system stability, network restoration, 
microgrid structures


