@ IRENA

Infernational Renewable Energy Agency

SCALING UP VARIABLE
RENEWABLE POWER:
THE ROLE OF GRID CODES

oint of VIt

ulation

&:§thoritatl"

qrincl'p‘le Py
arn® 4

® 0000000 0000 0 00




Copyright © IRENA 2016

Unless otherwise indicated, material in this publication may be used freely, shared or reprinted, so long as IRENA is acknowledged as
the source. This publication should be cited as: IRENA (2016), ‘Scaling up Variable Renewable Power: The Role of Grid Codes'.

About IRENA

The International Renewable Energy Agency (IRENA) is an intergovernmental organisation that supports
countries in their transition to a sustainable energy future, and serves as the principal platform for international
co-operation, a centre of excellence, and a repository of policy, technology, resource and financial knowledge
on renewable energy. IRENA promotes the widespread adoption and sustainable use of all forms of renewable
energy, including bioenergy, geothermal, hydropower, ocean, solar and wind energy, in the pursuit of sustainable

development, energy access, energy security and low-carbon economic growth and prosperity. www.irena.org

Acknowledgements

The production of this report was led by Thomas Ackermann, Nis Martensen, Tom Brown and Peter-Philipp Schierhorn
(Energynautics GmbH), in close collaboration with Francisco Boshell, Francisco Gafaro and Maria Ayuso (IRENA).

This report benefited greatly from valuable comments and suggestions from experts: Yongning Chi (China Electric
Power Research Institute), Remi Daudey (Energy Sector Management Assistance Program), Virginia Echinope
(Direccion Nacional de Energia de Uruguay), Louis Fisher (EirGrid Plc), Knud Johansen (Energinet.dk), Silvia Martinez
Romero (Energy Sector Management Assistance Program), Martin Schroeder (Energy Sector Management Assistance
Program) and Camilo Tautiva (Unidad de Planeacion Minero Energética de Colombia) and Dolf Gielen, Ruud Kempener,
Dennis Volk and Juan Martinez (IRENA).

Authors: Thomas Ackermann, Nis Martensen, Tom Brown, Peter-Philipp Schierhorn (Energynautics GmbH), Francisco
Boshell, Francisco Gafaro and Maria Ayuso (IRENA).

For further information or to provide feedback, please contact IRENA at publications@irena.org.

This report is available for download from www.irena.org/Publications.

Disclaimer

While this publication promotes the adoption and use of renewable energy, the International Renewable Energy Agency does not

endorse any particular project, product or service provider.

The designations employed and the presentation of materials herein do not imply the expression of any opinion whatsoever on the
part of the International Renewable Energy Agency concerning the legal status of any region, country, territory, city or area or of its
authorities, or concerning the delimitation of its frontiers or boundaries.




Contents

EXECUTIVE SUMMARY ...ttt ettt 1
TINTRODUCTION w.cooeeee e 5
11 Grid code definition, pUrp0oSe and fUNCLION ..ot 6
1.2 Role of modern operational measures and technology development for regulating VRE ....................
LR C=Te] = 1T ] OO 12
1.3 Relationship between grid codes and energy PONCIES ..., 13
2 GRID CONNECTION CODE DEVELOPMENT AND IMPLEMENTATION .....oiviirveieeeeseceseeeeeesesev e, 15
2T POWEE SYSEEM CONTEXT ..ot ee e ee et ee e 16
2.2 Grid code iMPact ON SLAKENOIARIS ..o et 17
2.3 INtErNAtioNal STANUAIAS ..ot 18
2.4 Grid code deVelOPMENT PIOCESS ..ottt sttt 20
2.5 Policy instruments to facilitate fulfilment of grid code requiremMeNts ..., 23
2.6 Grid conNection COAE ENTFOICEMENT ...t 23
3 REQUIREMENTS RELEVANT TO VRE INTEGRATION ..ot 25
3.1 General notes on teChNICal FEQUIFEMENTS ..., 26
3.2 Studies required and recommended to determing ParamMmEters ..., 27
3.3 0verview of teChNICAl FEGUIFEMENTS ...ttt 27
3.4 Outlook for VRE grid COAe reQUIFEMENTS ...ttt 32
B IMIPIEMENEATION oottt sttt 33
A CASE STUDIES ..ottt 37
A1 CASE STUAY OVEIVIEW .ottt ettt 38
T G180 0= 1 YOO OO 40
G T =1 1= T OO 43
U1~ == OO 46
4.5 BArDAUOS .o 49
2 D TN Pl DI NS ettt ettt ettt et ettt e ettt et ettt ettt e et ettt et ettt et et 51
4.7 VRE grid code experiences from Other COUNTIIES ..ottt 52
4.8 National technical requiremMents COMPATEU ..ottt 54
4.9 Country Case StUAY FINAINGS ..ottt 55
5 RELATIONSHIP BETWEEN REGIONAL AND NATIONAL GRID CODES ..o 57
51 Regional and NationNal Grid COUES ...ttt 58
5.2 Benefits, opportunities aNd CRAIENGES ... et 58
5.3 Existing regional grid codes and relationship with national grid COAeS ..., 59
5.4 Plans for fUrther r@GIONaI COUBS ...ttt 61
6 ADDITIONAL GRID CODE DESIGN AND IMPLEMENTATION CONSIDERATIONS........coovoieeereececereeeere. 63
B.1 ANCHIAIY SEIVICES ..ottt ettt ettt ettt 64
6.2 Requirements for different generator types and SIZES ..., 66
0.3 Retrofitting Old GENEIATOIS ...ttt 66

0.4 GENEIAtOr COMPUANTE .ottt 67



7 RECOMMENDATIONS ... 69

7] Ensure an appropriate process for developing a national grid COAE ..., 70
7.2 Consider the specific conditions for developing technical requiremMents ..., 71
7.3 Support national policies and legislation with regulatory MeasuUres. ..., 72
7.4 ENSUre generator COMPIIBNCE ...ttt ee e 72
REFERENCES .ottt 73
ANNEX A: DESCRIPTION OF TECHNICAL REQUIREMENTS .. ..ot 79
ANNEX B: IEC AND IEEE STANDARDS COMMONLY USED IN GRID CONNECTION CODES .......cccoocvvevnae. 94
ANNEX C: GLOSSARY oottt 96

Figures

FIGURE 1: Links Between Technical Aspects of EI@CIrICItY SYSTEMS ... 2
FIGURE 2: Aspects of Grid Connection Code DeVEIODMENT ... 3
FIGURE 3: Different Types of Grid Codes Based on ENTSO-E’s Network Codes Subdivision .......ccccceeeevee... 6
FIGURE 4: Traditional CentraliSEA SYSTEIM ... ..o 8
Figure 5: Unbundled System Separating the Operation of Generation and Grid ... 8
Figure 6: Comparison of Danish system in 1985 and 2006 ... 9
Figure 7: PV capacity in Germany, reaching 43% of peak load in 2014 and exceeding primary reserve
CapPabIlities from 2007 ONWAIAS. ...ttt 13
Figure 8: Grid code developmMENT PIOCEAUIE ...t 20
Figure 9: Renewable electricity generation and grid code development in Germany since 1990. ............. 40
Figure 10: Applicability of German grid COde dOCUMENTS ..o 41
Figure 11: Transmission grid of the iSIaNd OF IF€IANT. ...ttt 43
Figure 12: Wind capacity in Ireland SINCE TO97.) ..ot 44
Figure 13: Transmission Lines (AC and DC) IN AUSEIAHA. . ..., 47
Figure 14: Ranges of operation and required power output for generators from TC 2007......cccccccvvvvevennce. 80
Figure 15: Required reactive power characteristics of wind turbines in different grid codes........ccccvvvv...... 84

Figure 16: Required reactive power range for offshore wind power plants as specified by German TSO
TONINET . et ettt 84

Figure 17: LVRT envelopes from different grid COUES ..., 87



Tables

Table 1: Advantages and disadvantages of VRE grid codes for power system stakeholders. ..., 17
Table 2: Roles of stakeholders in developing @ Grid COUO. ..ottt 21
Table 3: Ease of implementing grid code requirements for different VRE technologies. ..., 34
Table 4: Prioritising technical requirements according to VRE SNare. ..., 35
Table 5: Overview of power systems selected @S CaSE STUTIES. ... 38
Table 6: Comparison of strictest grid code requirements in each country as of April 2015. ..o, 54

Table 7: Comparison of selected ENTSO-E requirement ranges and corresponding German transmission

COTR TRGUITBMENES. ..ottt ettt ettt ettt ettt s s ene s 60
Table 8: Transmission system frequencies in normal and abnormal conditions. ..., 80
Table 9: Voltages for normal and abnormMal CONAITIONS. ...t 81
Table 10: LVRT requirements of island grid pu of NomMIiNal VOILEGE. ... 88
Table 11: IEC and |IEEE standards relevant to power systems and VRE integration. ..., 94



AC
AEMO
AEMC
BDEW
DC

DSO
EEG
ENTSO-E
FRT

Hz
HVDC
IEEE
IEC
IRENA
kW, MW, GW
kV
LVRT
NEM

NC RfG
P

Q

SNSP
SONI

TC 2007
TSO
TWh

VDE

VRE

Abbreviations

Alternating Current

Australian Energy Market Operator

Australian Market Energy Commission

German Association of Electricity and Water Suppliers

Direct Current

Distribution System Operator

Erneubare Energien Gesetz (German Renewable Energy Act)

European Network of Transmission System Operators for Electricity

Fault Ride Through

Hertz (unit of frequency)

High Voltage Direct Current

Institute of Electrical and Electronics Engineers

International Electrotechnical Commission

International Renewable Energy Agency

Kilowatt, Megawatt, Gigawatt (units of power)

Kilovolt

Low Voltage Ride Through

National Electricity Market

Network Code Requirements for Generators

Active Power

Reactive Power

System Non-Synchronous Penetration

Systems Operator for Northern Ireland

Transmission Code 2007

Transmission System Operator

Terawatt-hour

German Association for

Technologies

(Verband der

Informationstechnik)

Variable Renewable Energy

Electrical, Electronic and
Elektronik und

Elektrotechnik,

Information



IVE

EXecut
Summary




Executive Summary

he power sector globally is accelerating its transition towards a sustainable energy regime.

Since 2011, over 100 gigawatts (GW) of annual capacity additions have been from renewables

- more than fossil fuel and nuclear power additions combined. The share of renewables in total

electricity production in 2014 exceeded 22%. Hydropower accounted for 16.4% and variable
renewable energy (VRE) for 3.6% i.e. solar photovoltaic (PV) and wind. A number of countries already
have a significantly higher individual share of VRE than the global figure. Denmark, Spain, Ireland
and Germany, for example, each have a share of more than 15%. The International Renewable Energy
Agency (IRENA) analysis also indicates that the global share of VRE can be expected to increase by as
much as 20% by 2030.

Grid codes are essential for the successful integration of VRE. For the operation of power systems, VRE
generators pose challenges that contrast with conventional generation. In response to these challenges,
VRE generation technology is rapidly developing, accompanied by enabling technologies like storage
and control systems, and facilitating new operational practices for power systems. These technological
and operational developments create greater flexibility for operating electricity networks and enable a
higher share of VRE. Some rules have to be established for all actors to ensure that electricity service
for consumers secure while deploying new technologies and adopting new operational practices. If
VRE is to be successfully integrated into electricity networks, then all three components need to be
considered: technology, operation and regulation.

Figure 1: Links between technical aspects of electricity systems
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Grid codes provide the rules for the power system and energy market operation, ensuring operational
stability, security of supply and well-functioning wholesale markets. A set of grid codes can include,
for instance, connection codes, operating codes, planning codes, market codes. This report provides
guidance to regulators, policy makers, system operators and other stakeholders on how grid connection
codes should be developed and implemented. It considers the country context with a view to enabling
a higher share of VRE in the power system.

The function of a grid connection code covering VRE is to provide technical requirements for wind
and PV plants when connecting to a country’s electricity grid. This helps to ensure the fair treatment
of generator owners and operators concerning grid connection while maintaining system stability and
reliability. The process of developing a national VRE grid code should include the following elements:
preparation of technical studies, data collection and assessment of country-specific aspects; expert
draft of the grid code; stakeholder consultation on the draft; grid code endorsement; implementation;
revision based on policy changes and experience after employing the grid code.

It is helpful to use previous experience when developing a VRE grid code. Nevertheless, the VRE grid
code of another country or region cannot be adopted word for word. Many of the requirements for the
connection of VRE generators depend on the specific needs and conditions of the local power system.
Considerations to take into account when developing the VRE grid code are presented in the figure
below.

Figure 2: Aspects of grid connection code development

Size of the Power System
Capacity, generation,

Interconnection Level Voltage Levels

consumption, assets

Distribution and Flexibility
of Load and Generation
Geographical, point of
connection

Energy Planning
Current and expected future
VRE share

Strongly interconnected, weakly
interconnected, synchronously
independent with or without
non-synchronous connections to

other power systems, agreements

with other countries on services
interchange

Characteristics of
Conventional Generators
Fuel, technology, operational
flexibility

Market Size for VRE
Current and prospect market
size may influence the need and

Requirements in an extra-high
voltage transmission grid may
strongly differ from those in a
low-volate distribution system

Energy Policy
Incentives for VRE, support for
grid codes compliance

Operational Practices
How the system is operated at
the moment and the operation

enable the use of different
technologies and operational
practices

plan for the future

The nuances arising as a result of national context when defining the technical requirements of VRE
grid codes are illustrated in the country case studies in this report. For example, Ireland has a high
share of wind power and limited interconnections so the Irish grid code pays particular attention to
frequency control requirements. With a significant penetration of PV systems in low voltage networks,
Germany is concerned with reactive power capabilities in distribution systems in its VRE grid code. In
the case of Australia, it is shown that a country might have different requirements for different sub-
regional grids. In the case of Barbados, where the VRE share is still low, the code does not consider
requirements for fault ride through (FRT) or frequency control requirements. However, in view of the
national energy plans, the code is being revised at the moment.




Many requirements can be harmonised internationally, enabling countries to pool their resources
in areas such as certification. This also makes it easier for manufacturers to access more markets,
resulting in lower costs to consumers. The use of international standards to prepare VRE grid codes is
another relevant instrument for harmonising requirements, as well as a valuable platform for experts to
exchange international experiences and document good practices. The integration of regional power
markets also requires regulatory efforts through, for example, regional grid codes like the Nordic Grid
Code and European Network of Transmission System Operators for Electricity (ENTSO-E) Network
Codes. These regional grid codes do not replace national grid codes but instead provide a common
framework for minimum requirements that all national grid codes should meet.

Enforcing technical requirements in VRE grid codes means using mechanisms to verify compliance
with the codes. There are different strategies with differing costs and degrees of feasibility depending
on country context. These mechanisms include, for example, on-site inspection, use of certification
systems or verification of whole plants instead of verification of each and single unit in a plant.

Policy-makers and regulators have to support the development and implementation of VRE grid
connection codes in association with the national renewable energy goals, by:

¢ Ensuring that grid connection codes include appropriate requirements for VRE. Electricity
system studies can play a role in the identification of appropriate requirements. Also other sources
of information regarding local considerations should be used as input for the code.

¢ Consulting with all relevant stakeholders. Grid connection codes have an impact on all actors
involved in the power system. Therefore, engagement of all parties will ensure that the codes can be
implemented without putting the system security in peril and at the same time the responsibilities
are fairly distributed between all actors.

¢ Setting a predictable and reliable grid code revision process in place. This increases system
reliability and security by coordinating changes as technology and operation practices develop,
also facilitating the future planning of the system.

* Anticipating technical requirements based on future VRE targets. Grid codes should not only
consider the architecture of today’s power system, but already anticipate the future system
requirements in line with national VRE goals.

¢ Learning from other countries experience. Identify best practices and lessons learnt from
frontrunner countries in integrating a high share of VRE in power systems. However, avoid to
implement a carbon copy of other countries grid codes without considering local aspects.

¢ Joining regional initiatives to harmonize requirements and share resources. Regional initiatives
and engaging in international standardisation processes may facilitate the development and
implementation of grid codes by sharing experiences, deploying regional infrastructure for
verification and certification processes, and harmonising requirements resulting in cost reduction
due to market scale for technology suppliers.

Grid connection codes help in ensuring that ambitious policy targets for the deployment of VRE are
met without compromising the security of the electricity system. All relevant stakeholders follow the
same rules as defined in the code, facilitating therefore the operation of the system. As VRE grid codes
have evolved hand-in-hand with technology and operational practice, they have also pulled through
the deployment of best available technologies for VRE grid integration. What could be considered
advanced technologies for integrating VRE a few years ago is now becoming commercially available
technology provided by most technology suppliers. A country investing in sound VRE grid code
development and implementation will enjoy a guaranteed benefit in terms of reliably integrating high
shares of VRE at an affordable grid cost.
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Introduction ”

1.1 GRID CODE DEFINITION, PURPOSE AND FUNCTION

rid codes in the widest sense of the term set rules for power system and energy market
operation. They enable network operators, generators, suppliers and consumers to function
more effectively across the market. This ensures operational stability and security of supply,

and contributes to well-functioning wholesale markets. Connection codes, operating codes,
planning codes and market codes are a few examples of grid codes.

Figure 3: Different types of grid codes based on ENTSO-E’s Network Codes subdivision.
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This report focuses exclusively on grid connection codes and on the provisions relevant to the
connection of VRE generators. For the purpose of this report these refer to wind and solar Photovoltaic
(PV) generators of any size. The general term ‘VRE grid codes’ here specifies the minimum technical
and design requirements for VRE generators so that their behaviour is compatible with system stability
and safety requirements. By providing appropriate technical and legal rules for VRE generators, VRE
grid codes can support the effectiveness of national and regional energy policies for renewables
integration.

The grid code is distinct from a country’s energy policy. An energy policy provides a framework in which
a country addresses some of its energy needs by converting and distributing energy from different
sources. A renewables power system policy and regulation can include future targets for the amount
of renewable energy to be integrated into the country’s power system. Both policies and regulations
may provide investment incentives for renewable energy to reach a country’s targets, ensuring reliable
and affordable development of a sustainable power system. The role of VRE grid codes is to provide
technical regulations for the connection of VRE generators to the grid, thereby reducing technical
barriers to energy policy fulfilment.

HISTORICAL BACKGROUND

The open formulation and implementation of enforceable grid codes first became necessary with the
liberalisation of power systems. While some form of technical regulation for generators has always
existed, enforceable grid codes have enabled the co-ordination of multiple individual stakeholders in
decentralised power systems. During the unbundling process, vertically integrated utilities were split
up into their generation, grid and electricity sales parts and often privatised. The increasing numbers
of small, private generators and the separation of generation from operation of the network required
clear rules on how these new generators should connect to the public grid.

Grid codes are not only useful in fully unbundled power markets. As technical rules, they regulate
grid access and network user operation regardless of whether the power system is operated and
supervised by a specific operator or by a vertically integrated utility. The establishment of a grid code is
an important step in opening up the power sector to private and especially VRE generators. It increases
transparency and provides equal treatment by making the same rules applicable to all. Like other
governing frameworks, grid codes have continuously been adapted to changing technologies, system
conditions and political aspirations. This is also reflected in the ongoing adaptation of grid codes to
enhance the development of regional power markets and integration of renewable energy generators.

The rise of renewables has been driven by the need to reduce carbon dioxide emissions, the plummeting
costs of renewable power plants and concerns about energy independence. VRE grid codes seek
to ensure that VRE generators contribute towards the safety, stability and reliability of the power
system. Many VRE generator grid code requirements show the desire to ensure the fair treatment of
conventional and renewable generators in terms of technical requirements on new generation assets of
similar sizes. This is achieved by making comparable demands of each in terms of to their contribution
to system stability.

The sector transformation and the position of the VRE grid code in the landscape of the power sector
are indicated in Figure 4 and Figure 5.




Figure 4: Traditional centralised system.
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In many countries, the rise of renewables has not coincided with unbundling. Some countries, such as
Japan or small island states like Barbados, have retained vertically integrated utilities alongside private
renewable generators which feed into the utility’s grid. In these cases VRE grid codes are still required
to provide technical regulations for the connection of renewables. Similarly, unbundled electricity
systems may require grid codes for conventional generators in the absence of renewables.

TECHNICAL IMPACT OF VRE GENERATION

Variable renewable generators differ in several important ways from conventional generators like
thermal or hydroelectric power stations.

Conventional generators typically either hold their active power output constant (baseload mode)
or can vary their output based on demand (load following mode). The active power output of VRE
generators depends on the weather. This variability can present challenges depending on the level of
penetration and the characteristics of the conventional generators in the grid. Conventional generators
must be able to compensate for the difference between variable renewable output and consumer
demand fast enough not to affect frequency stability. Major, quick voltage changes due to variable
feed-in can also disturb electricity consumers nearby and should be avoided.
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Individual VRE generators (as opposed to aggregated solar or wind farms) are usually smaller than
conventional generators. This is an advantage in that single VRE generator failure has less of a negative
impact on the power system than the sudden disconnection of conventional generators. The small size
of some VRE generators may mean there is no need to equip them with the functionality to provide
certain system services. However, as the technology is evolving rapidly, these services may become
more and more common among small VRE generators.

Conventional generators feed directly into the transmission network in a centralised manner. By
contrast, small VRE generators, particularly rooftop solar PV, are often distributed across the power
system and feed electricity in at low voltage levels. In the past only electricity consumers were
connected at low voltage levels. If distributed PV feed-in exceeds the local electrical load, the voltage
can exceed regulated limits. The reversed power flow on the low voltage power line may then exceed
line or transformer capacity limits.

As well as being smaller and variable, renewable generators such as wind turbines and PV systems have
different technical properties from conventional power stations. At first, inverter-connected wind and
solar plants could not match the services provided by traditional power plants. However, technological
innovation parallel with the development of grid codes has allowed VRE generators to be subject to
requirements to help stabilise the network. For example, VRE generators can now provide reactive
power for voltage control, active power reduction during congestion or over-frequency events, and
network support during faults.

PURPOSE AND FUNCTION

Technical requirements in grid codes are determined by the need to maintain the reliability, security
and quality of the power supply and fulfil the objectives below.

* The electrical power needs of all consumers must be met reliably.

* Voltage and frequency must be maintained within set limits to avoid damaging equipment
connected to the grid.

*  The system must be able to recover quickly from system disturbances.

* Atall times the system must operate without endangering the public or operating staff.



These basic needs are translated in the grid code into operational requirements demanded to all
generators including VRE based on their technical impact described above. System operators make
use of the services provided by power plants and other equipment to maintain system stability and
safety.

A VRE grid code allows the network operator to provide clear rules and technical requirements for
wind and solar plant operators when connecting to the country’s electricity networks. Depending
on the country, the network operator may use the fulfiiment of the grid code as a precondition for
connection to the network. The code can act as a legal requirement for connected generators, who
may be prosecuted if the requirements are not fulfilled. As binding rules, grid codes help to ensure that
generator owners and operators are treated fairly in terms of grid connection while ensuring system
stability and reliability.

DIFFERENTIATION OF APPLICABILITY

Grid codes for VRE generators also have different domains of applicability.

VOLTAGE LEVEL

VRE grid codes may be drawn up differently for different voltage levels and/or depending on whether
the VRE is connected to the transmission, distribution or offshore network. For example, grid code
requirements for providing reactive power during faults often differ depending on the network level.
Major faults occur at the transmission network level, so it makes sense for VRE generators connected
to the transmission network to feed in reactive power during a fault in order to support the voltage. On
the other hand, VRE generators connected to the distribution grid are often far from the source of the
fault in electricity terms. It is thus less effective for them to provide reactive power support.

GENERATOR SIZE

The size of the VRE generator also affects applicability. VRE generators connected to the distribution
grid are often small. This means it is less economical for them to meet stringent grid code requirements
than it is for large VRE generators or VRE power plants with multiple generators connected to the
transmission network. These cost considerations are then reflected in the VRE grid code requirements.

ENERGY SOURCE

Some VRE grid codes distinguish between the generator energy source. For example, Ireland has
separate grid code rules to accommodate the behaviour of wind power plants. The Nordic Grid Code
used in Scandinavia sets different requirements for conventional power plants distinguished by fuel
type.

NETWORK OPERATOR

In a given country, different parts of the transmission or distribution network may be run by different
network operators. Each network operator may have its own grid code or make additional requirements
in addition to any national grid codes, based on local network conditions.




1.2 ROLE OF MODERN OPERATIONAL MEASURES AND TECHNOLOGY
DEVELOPMENT FOR REGULATING VRE INTEGRATION

As well as enabling technologies like storage or demand side management technologies, VRE
generation technologies are rapidly developing and facilitating new operational practices for power
systems. Technology and operational practice improve the flexibility to operate power networks with a
higher VRE share. Furthermore, these developments also require new rules to ensure that the electricity
service to consumers continues to be secure, leading to the elaboration of grid codes, subsequent
revision and updates. Regulations then pull through the best available technologies and also push new
technology developments. This cycle, involving power system technology-operation-regulation, has
turned the advanced technologies of a few years ago into now standard commercial technologies for
grid integration.

A number of measures are available to facilitate up-to-date power systems operation with VRE
generation. Storage through batteries or pumped storage facilities for example, is one option. Flexible
loads (which can vary their electricity consumption according to VRE availability) are another. Two
further options include controllable direct current (DC) converters and more flexible conventional
generation with, for example, faster ramping rates and lower minimum loading levels. Similarly, better
reactive power compensation and a Flexible Alternating Current Transmission System (FACTS) can
improve power flow in the network. FACTS can prevent voltage violations caused by VRE feed-in or
by the displacement of conventional generation in transmission networks. Other operational measures
include better weather forecasting to predict VRE generation levels, improved markets for balancing
power and dedicated dispatch centres for managing variable feed-in from VRE generators.

The requirements for these other network users is typically regulated in the other (non-VRE)
connection codes. The operational aspects are typically covered in operating codes (see Figure 3).
Many grid code documents contain provisions for different types of network users, including non-
VRE power system actors. For example, in Great Britain the Grid Code applies to “all users of the
National Electricity Transmission System, be they Generators, DC Converter owners, Suppliers or Non-
Embedded Customers” (National Grid Electricity Transmission plc, 2014). Meanwhile, the Nordic Grid
Code sets different rules for VRE and conventional generators.

Aswith VRE grid codes, the process of continually revising and updating regulations needs to be repeated
for these corresponding system regulation documents (non-VRE grid codes and operating codes).
One example of an evolving requirement of this kind for non-VRE system actors is the forthcoming
introduction of a Demand Connection Code in the ENTSO-E Network Codes. This will govern demand
side management in the European power system. Another example is the stricter requirements set in
the operation codes within the ENTSO-E Network Codes, which specify requirements for conventional
generator flexibility. (ENTSO-E, 2013)

The integration of VRE into power systems is not only about implementing VRE generator technical
requirements in VRE grid codes. It is also about adopting measures that consider the whole energy
system, from technology to operation, demand, markets and regulations (IRENA, 2015).

Requlations then pull through the best available fechnologies and also push new
fechnology developments. This cycle, involving power system technology-operation-
requlation, has turned the advanced fechnologies of a few years ago info now
standard commercial fechnologies for grid infegration.



1.3 RELATIONSHIP BETWEEN GRID CODES AND ENERGY POLICIES

An energy policy describes how a country addresses its energy needs, including converting and
distributing energy from different sources. The governments of many countries have specific targets
for renewable energy integration in their energy policies, which they support with incentives such as
feed-in tariffs or quota systems (a mandatory renewable energy target). For example, Germany has a
target in its Renewable Energy Act (EEG), amended in 2014, to meet 40%-45% of its electrical demand
through renewables by 2025.

The role of VRE grid codes is to provide technical regulations for connecting VRE generators to the
grid. This means VRE generators can contribute to power system stability and security, and thereby
help fulfil the energy policy on renewables. The governmental body responsible for implementing
a country’s energy policy may mandate the creation of a VRE grid code. Alternatively, the VRE grid
code may be drawn up separately from energy policy making. For example, in Australia the VRE grid
code forms part of the National Electricity Rules established by law in the National Electricity (South
Australia) Act 1996.

The technical requirements necessary in the grid code depend on the level of VRE in the power system.
The grid code is thus related to a country’s energy policy by the need to co-ordinate the technical
requirements with the expected future VRE share. It is important that grid codes are written with the
system security requirements for future planned VRE shares in mind. Similarly, energy policy regarding
the VRE share should be formulated while bearing in mind existing and future grid code requirements.
The network operator must plan ahead when drafting the grid code and anticipate future requirements
in order to provide a stable regulatory environment for investment by VRE operators.
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As an implementation detail of VRE support incentives, the concept of self-generation (similar or
identical to self-consumption) has been established in some countries, such as Germany. This is an
alternative or complementary support scheme for feed-in tariffs. There are two ways in which it relates
to grid codes:

* |t is often accompanied by a scheme to combine VRE generation with storage, which then
allows different operation strategies with possible impact on grid operation and control.

* Inaddition to technical requirements for generators, some grid codes also specify metering
configurations for consumers and/or generators; self-generation may require different
metering configurations.

Metering is irrelevant to the technical discussion about VRE integration and therefore not covered
by this report. No clear picture exists as yet of the best modes of operation for storage integration.
The evolving market landscape and integration levels will need to be closely monitored to prevent
undesired side-effects. Self-generation can also have an effect on average installed generator unit
sizes and thereby influence when certain requirements become relevant for the different types of
generators from a system perspective.
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e/

Grid Connection Code
Development and !
Implementation

2.1 POWER SYSTEM CONTEXT

RE grid codes can be developed for a grid operator’s single control area, a country or even an
entire region, comprising one or even several synchronously interconnected systems. VRE

codes may thus vary in depth and technical content.

grid

When developing a VRE grid code, a code applicable to another area, country or region cannot be
transposed word for word since many requirements made for VRE generators depend on specific
power system needs. The differences relevant to the grid code include:

The size of the power system - peak load and geographical size -- which is relevant to the
extent to which local VRE feed-in variations are smoothed when aggregated over a large
area.

Whetherthe powersystemisisolated orinterconnected with other countries -interconnection
allows the country to export its VRE generation peaks, and a larger interconnected system
is less susceptible to frequency issues.

Whether the grid typically has sufficient cable or line capacity reserves, which affects
voltage rises along long feeders, for example.

Existing and planned VRE capacities.

How VRE resources are distributed geographically, which affects the extent to which
VRE feed-in variations are balanced out when aggregated and the need for active power
management of the generators.

How VRE resources are distributed vertically in the power system, with VRE connected to
transmission or distribution grids.

The capabilities of the conventional generators that must cover the difference between VRE
feed-in and electrical demand.

The institutional framework i.e. level of unbundling between generation and transmission
operators, regulation, etc.

The historical aspects of VRE grid code development; in Germany and Denmark, for
example, the grid code has evolved over time in parallel with the development of VRE plant
manufacturer technology offerings to meet grid code requirements.

State of the art - countries with newer VRE grid codes and a lower VRE share can already
benefit from technology and lessons learnt from experience in pioneer countries, especially
to avoid costly retrofitting later.



¢ Market situation - In countries looking to increase their VRE share, especially smaller nations,
it may be necessary to consult closely with manufacturers, investors and operators to make
sure that VRE grid code requirements are achievable.

The country-specific context for grid codes means expertise and local knowledge of the power system
is needed when working them out. The grid codes of five countries, and the differences between them,
are profiled in chapter 4.

Although each country may have specific grid code needs, many requirements can be harmonised
between countries. Harmonisation allows countries to pool their resources in areas, like certification.
This makes it easier for manufacturers to build equipment for several markets, which in turn keeps down
costs for consumers. The relation between national and regional grid codes is discussed in chapter 5.

2.2 GRID CODE IMPACT ON STAKEHOLDERS

There are many stakeholders in the power system: owners and operators of generation assets,
operators of transmission and distribution systems, regulators, manufacturers, installers and electricity
consumers. The advantages and disadvantages of VRE grid codes for stakeholders in the power system
are listed in Table 1. Not all of their needs coincide, so that the requirements in VRE grid codes often
represent a trade-off between the interests of different stakeholders.

The role of each stakeholder and therefore the benefits and disadvantages of VRE grid codes may
depend on the institutional framework in the respective country (such as the level of unbundling) as
well as on the structure of the local energy market.

Table 1: Advantages and disadvantages of VRE grid codes for power system stakeholders

Supports operationalisation
Effort is required to align stakeholder | of renewable energy incentive
interests and VRE energy targets policies while maintaining
security of supply

Compared to ad hoc
generator-specific

Policy makers

Fulfilment of VRE grid code requirements, provides level
Generator owners/operators | requirements may require additional | playing field and may reduce
investment costs by allowing certification
of particular manufacturer’s
models

Maintenance of secure power
Network operators and b

. Resources are needed to draft, supply; clear delineation of
regulators (depending on L . N ) .
maintain and enforce VRE grid code | responsibilities regarding grid
country) services

Clear framework for grid
integration, rather than
diverse and therefore costly
ad hoc arrangements

Research and development to
Manufacturers develop technology to fulfil VRE grid
code; certification

All the VRE grid code costs

described above might be passed on | Security of supply; benefits of
to the consumer in higher electricity | a higher VRE share

prices and/or taxes

Consumers
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2.3 INTERNATIONAL STANDARDS

In the development and implementation of grid codes, other applicable technical and legal frameworks
concerning the electrical energy system must be considered. Depending on their nature, these may
either facilitate the use of a grid code or interfere with it. The most relevant frameworks are the
regulations set by energy policy as discussed in section 1.3 and the technical requirements set by
national and international standards (IRENA, 2013).

Generator technology, electrical equipment and other aspects of operating electrical power systems
have been subject to national and international standardisation since public electricity supply
structures started up in the 19th century. Therefore, many standards already exist that cover different
aspects of modern VRE generator technology and operation. Requirements in standards relevant
to VRE integration are driven by grid safety and stability needs. The technical committees in the
standards organisations have the task of constantly analysing the existing situation and consulting
with all stakeholders involved. International standards can only be published once a sufficient level
of consensus on the technical situation concerned is reached. Standards are legally non-binding, but
compliance with standards can be required by law.

ROLE OF INTERNATIONAL STANDARDS IN VRE INTEGRATION INTO
POWER SYSTEMS

International standardisation processes are a valuable platform for countries and industrial actors to
have discussions and exchange practices and experiences. Country experts should be encouraged and
supported in engaging in international standard development. A wide range of international standards
developed by the International Electrotechnical Commission (IEC) and the Institute of Electrical and
Electronics Engineers (IEEE) are relevant to the integration of VRE into power systems. These technical
standards cover many topics and have very different functions:

 Communication may be facilitated by defining technical terminology in a coherent way;

* Detailed specifications and requirements for technical equipment may be presented, ideally
representing consensus among technical experts, with the goal of uniform engineering;

* Voltage quality and security of supply and its definitions are subject to international
standards,

* Interconnection requirements for generators or other assets may be directly specified in
international standards;

« Data transfer and broadcasting protocols may be standardised to ensure clarity of
communication;

+ Standard test methods describe standardised procedures that produce a test result and
are often referenced in standard specifications as the preferred form of compliance testing;

+ Standard practices or procedures are sets of instructions for operating technical equipment.

Standards may be directly applied in a country or modified to suit local conditions. Some standards
produced by different standards bodies may be harmonised with each other. Most standards are very
specificand give requirements in more detail than grid codes. They do not conflict with but complement
grid code functionality. However, in certain cases, international standards for grid connection exist that
closely resemble grid codes in scope and structure.

Annex B provides a list of international standards commonly used in relation to grid connection codes.
The list is not exhaustive, and many more standards exist and are referenced from existing grid codes.



RELATIONSHIP BETWEEN INTERNATIONAL STANDARDS AND GRID CODES

Due to the varied scope, purpose and content of the individual standards, international standards and
grid codes relate to each other in different ways:

* International standards can be referred to either fully or partly from within the grid code. For
example, grid codes often specify power quality requirements by referring to the relevant
standards rather than defining power quality explicitly.

* International standards can be used as a reference when writing a grid code and modified
according to the specific needs of a country.

* International standards which govern the connection of VRE generators can in some cases
be used in place of a grid code (see box below).

There are many advantages to using international standards within grid codes. Referring to international
standards saves the investment of time and resources when writing grid code requirements from
scratch. It provides some guarantee that the requirements have been tested and reviewed in other
countries. It is also easier for manufacturers to conform to international standards than to comply with
each different national set of rules. These cost savings can then be passed to the consumer.

Grid codes must be tailored to the specific requirements of individual countries. It is important to
ensure that the international standards referred to make sense for that country. System operators
responsible for grid codes also often take part in the development of standards. However, as more
stakeholders are involved, revising international standards may prove to be more difficult than simply
changing national regulations.

Countries usually strike a balance by writing their own grid codes and selectively referring to specific
international standards where appropriate or in areas where there are no known considerations specific
to that country. Since grid code harmonisation across countries is still desirable, standards concerning
additional aspects of VRE grid connection are emerging and may shift the relationship between
standards and grid codes in the coming years. This matter can be illustrated by considering IEEE 1547.

IEEE 1547

The IEEE developed its Standard for Interconnecting Distributed Resources with Electric Power Systems,
or |IEEE 1547, (IEEE, 2003) to provide a set of requirements for generators connected to the distribution
grid. The US Energy Policy Act of 2005 (United States Department of Energy, 2005) establishes that
“interconnection services shall be offered based upon the standards developed by the Institute of
Electrical and Electronics Engineers: IEEE Standard 1547”. This gives the standard the status of a US
national distribution grid code. It has also been adopted as a US national standard by the American
National Standards Institute (ANSI), the national standards organisation.

Rather like some European grid codes, it is in constant need of revision due to fast growth and VRE
generation development. For example, it includes strict under- and over-frequency protection settings
that require all distributed generators to disconnect at a certain threshold frequency (59.3 Hz/60.5 Hz).
This could cause future problems similar to the German 50.2 Hz problem or trigger power oscillations
in the overlaying transmission grid. Amendments to the standard have been made since its inception to
keep up with ongoing development. Six complementary standards enhance the initial standard, some of
which are still in the draft phase.

In Europe, the European Committee for Electrotechnical Standardization (CENELEC) is working towards
governing the connection of distributed generation through international (European) standards similar
to the US approach. Standard EN 50549 ‘Requirements for the connection of a generating plant to
a distribution system’ is being drafted and will replace standard EN 50438 ‘Requirements for micro-
generating plants to be connected in parallel with public low voltage distribution networks’ which is
considerably less detailed than IEEE 1547.

IEEE 1547 has also been adopted by the IEC as IEC/IEEE PAS 63547 (IEEE, 2011). This is a recognised
Public Available Specification, but not a fully applicable IEC standard and is rarely used outside the
Americas.
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2.4 GRID CODE DEVELOPMENT PROCESS

The process of developing and maintaining a grid code is outlined in Figure 8. A grid code must be
sensitive to the developing needs of the power system so grid codes are often regularly revised on the
basis of feedback and implementation and experience.

Figure 8: Grid code development

Consultation and decision to write
first grid code

Prepare data, assess

e Yes Grid code needs No
country-specific aspects

revision?

Draft new grid code
Implementation,

experience, possible
policy change

Consult with
stakeholders

Finalise new grid code

No Draft grid code Yes

satisfactory?

The roles of the different stakeholders are outlined in Table 2, followed by a detailed description of
each step in the flow chart.

The stakeholder responsible for each stage of the grid code drafting, approval and revision depends
on the institutional set-up in the individual country and the extent of unbundling in the power system.
The typical roles for an unbundled system are laid out in Table 2.



Table 2: Roles of stakeholders in developing a grid code

Take decision to require grid code on the basis of country’s energy
Policy makers policy and consultation with other stakeholders. The grid code is
typically mandated by law.
Responsible for ensuring a grid code is written. Approves the

Regulator finalised grid code.

Responsible for preliminary studies, grid code draft, consulting
Network operator other stakeholders, finalising grid code and then implementing,
enforcing and revising grid code.

Manufacturers Generator
owners, installers, Consulted during development of grid code.
manufacturers, consumers

Not all countries follow this division of responsibilities. In Australia, for example, the regulator writes
and maintains the grid code while the network operator provides the regulator with technical assistance
to draw up the requirements. In countries with no power system unbundling, the vertically integrated
utility takes over the responsibilities of the network operator.

Each step in the grid code development flow chart is described below.

CONSULTATION AND DECISION TO WRITE FIRST GRID CODE

Policy makers are responsible for deciding whether a grid code is necessary. The decision to create
a grid code depends upon existing regulation for grid users, the country’s existing and future energy
policy and consultation with other stakeholders in the power system. If third party generators are to
feed power into the grid, a grid code is almost certainly necessary.

Policy makers usually mandate the development of a grid code in law. The regulator is then usually
responsible for giving the mandate to the network operator to write the grid code and approving it. For
a country’s first grid code, additional effort and investment must be made by the network operator in
the initial assessment of the power system and to assemble a team of power system and legal experts
to draft the grid code. Subsequent grid code revisions can use existing knowledge and expertise.

PREPARE DATA, ASSESS COUNTRY-SPECIFIC ASPECTS

The desirable prerequisites for writing a grid code ideally include the elements below.

* expert knowledge of the country’s power system, including all information about the existing
electricity network and both the conventional and renewable generation fleet;

* along-term plan for the power system infrastructure, including renewable energy targets up to 20
years in advance;

¢ an understanding of the challenges of VRE integration and the experience of grid codes in other
countries;

e static and dynamic computer models of the power system so that simulations and stability studies
can be conducted;

* simulations and stability studies to assess the benefit of different grid code requirements for the
country’s power system including the future VRE share;
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* a cost-benefit analysis of the different grid code requirements balancing implementation costs
with system reliability benefits and a higher VRE share;

« understanding of the country’s legal system so that grid code requirements can be enforced,;

» sufficient executives to write the grid code, enforce it, assess the implementation and then revise
the grid code as necessary.

These data and studies allow the network operator to assess the requirements of the power system
in a particular country and how they affect the grid code. For example, if the country has many long
feeders on which the voltage is very sensitive to changes in power levels, stricter voltage control
requirements may be needed.

DRAFT NEW GRID CODE

The grid code has to be drafted by the network operator in a clear and unambiguous fashion as
mandated by the regulator. Boundaries may have to be set on the applicability of the grid code (e.g.
whether it applies to the transmission or distribution system, which voltage levels and which generation
technologies).

CONSULT WITH STAKEHOLDERS

Once a grid code has been drafted, the network operator should consult with other stakeholders in the
power system to identify potential problems in grid code implementation. This includes, for instance,
customers, existing generator owners and operators, potential future generator operators, regulators,
manufacturers and installers. The grid code may need to be revised on the basis of their feedback. This
consultation may also take place at the same time as the grid code is drafted.

FINALISE GRID CODE

Once the grid code has been drafted, final steps include applying to the regulator for approval for the
grid code, setting the date from which it starts working and publishing the grid code. New or modified
legislation to enforce it may be needed depending on the country.

IMPLEMENTATION, EXPERIENCE AND POSSIBLE POLICY CHANGES

After the grid code has been adopted it must be enforced. The network operator must validate whether
generators comply with the grid code requirements and take action when it finds non-compliance.
Grid code experience should be systematically gathered to provide feedback for the revision process.
Changes to policy such as renewable support schemes or targets may also require revision of the grid
code.

REVISE GRID CODE

A grid code is not generally written once and set in stone but revised every few years on the basis
of experience of its implementation and the changing needs of the power system. In Denmark, for
example, the first grid code for wind power plants was adopted in 1999. Major revisions followed in
2004, 2010 and 2015. The length of the revision cycle depends on the speed of VRE integration. If
the grid code is revised too often, it may be difficult for installers and manufacturers to keep up with
changing requirements. If the revision cycle is too slow, requirements may not be updated in time to
help stabilise the power system.



Writing the grid code, verifying whether generators are complying, enforcing and revising the grid
code all require investment, qualified staff and expertise. Countries may be able to pool resources in
areas like generator testing and certification.

2.5 POLICY INSTRUMENTS TO FACILITATE FULFILMENT OF GRID CODE
REQUIREMENTS

The fulfilment of grid code requirements may require additional investment by VRE and conventional
generator operators and/or other stakeholders such as manufacturers. If these extra costs are too
onerous for these stakeholders, new generators may not get built and VRE generation targets might
not be reached. The fulfilment of grid codes can be facilitated in two ways through policy instruments.
Firstly, stakeholders can be consulted in the process of drafting the rules. Secondly, support mechanisms
can be provided to incentivise the fulfilment of advanced technical and operational capabilities.

The collection of stakeholder feedback (e.g. from manufacturers and operators) during the draft
phase of both technical requirements and operational regulations is an important step. It ensures that
requirements can be met without too much effort from the generators. The European Commission
provides guidelines for stakeholder consultation, which can be used as a reference on how to implement
this procedure (European Commission, 2014).

Policy makers and network operators or regulators can compensate the costs of advanced capabilities
either through existing support mechanisms, such as feed-in tariffs, or by directly incentivising VRE
equipment to meet VRE grid code requirements. The cost to generators of grid code compliance will
arise anyway. However, providing a defined way for generator operators to recover this cost encourages
investment, drives technology development and decreases costs in the long run.

Box: Incentives for grid code compliance

The System Services Bonus in the Germany’s EEG is an example of direct subsidies for grid code fulfilment.
In the 2009 update to the law, a bonus of EUR Cent 0.5per kilowatt-hour was introduced for wind turbines
that fulfilled certain grid code requirements to maintain network stability. This was set out in the System
Services Directive (Bundesministerium der Justiz und flr Verbraucherschutz, 2009) (reactive power
provision for voltage control, LVRT capability and active power reduction during over-frequency). The
bonus was originally restricted to turbines coming into service before the end of 2013 but was extended
by one year in EEG 2012. Retrofitting older turbines was also supported in EEG 2012.

2.6 GRID CONNECTION CODE ENFORCEMENT

The legal status and enforcement of grid codes vary from country to country depending on the
institutional set-up of their power and legal system. In some countries, such as Australia, the grid code
is both mandated and established in law. This means non-compliance with grid code requirements
counts as a civil penalty, which can result in fines. In other countries, such as Germany, the development
and publication of technical grid connection conditions by the network operators is mandated by law.
However, the requirements are only a precondition for the network operator to connect the VRE unit.

In Germany, which has no single grid code, some of the main documents constituting the connection
requirements for VRE generators are published as guidelines or ‘application rules’ by industry
associations, which are not immediately binding. The system operators publish their own connection
rules as required by law, which refer to the industry guidelines and provide further details where
applicable. In addition, formal laws have been enacted that refer to a specific revision of the industry
guidelines and application rules (occasionally also modifying them) and make them binding for any
new VRE generation. More information on the structure of German grid code documents can be found
in section 4.2.
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In Barbados, where only one grid operator has responsibility for these matters, the law mandates that
this public sector utility develops and publishes the connection rules - the grid code.

Mechanisms to verify compliance with grid connection codes by generators should be in place.
Certification is a way to assure compliance with the grid code but it requires resources and technical
capacity. Rather than checking that each individual VRE unit fulfils the grid code requirements of
particular manufacturer models, network operators can mandate VRE grid code compliance through
certification mechanisms. They can then stipulate in the grid code that the VRE operator only needs to
present the certificate for its generator model to be able to connect to the grid. This can lower costs
and encourage a higher VRE share. This is further explained in section 6.4.

...the requirements in VIRE grid codes offen represent a trade-
off between the inferests of different stakeholders.
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Requirements relevant to o
VRE integration

3.1 GENERAL NOTES ON TECHNICAL REQUIREMENTS

his chapter provides information on technical requirements to be considered in the development
of a VRE grid code. Each of the requirements is briefly explained to provide the context to why
and when it is needed.

More detailed descriptions and discussion of implementation can be found in annex A. In-depth
presentation of physical phenomena or technical details are beyond the scope of this document.

IMPACT OF VRE SHARE ON TECHNICAL REQUIREMENTS

The requirements imposed on VRE generators depend on the existing and planned share of VRE in
the generation pool of the system. When very few VRE generators were feeding electricity into the
grid, the details of their behaviour were less important because their influence on grid stability could
be easily managed. They were therefore allowed to behave in ways that were easier to operate and
maintain using conventional practices. However, as the VRE share rises, VRE generators have to take
over a growing number of duties from the conventional generators they replace. The role of VRE grid
code requirements is to ensure that VRE generators acquire the technical capabilities to take over
these duties. The code requests basic grid support services from new generators and is necessary for
all voltage levels alike. System stabilisation requirements that were previously only demanded from
conventional generators in the high voltage grids are now also relevant to VRE generators connected
to the lower voltage levels. In countries with a very low VRE share, working out grid codes right from
the start can ensure the desired grid support that helps smooth the transition towards a much higher
VRE share.

TECHNOLOGICAL CONCERNS

VRE grid code requirements also arise from the very different generator concepts underlying VRE
generation compared to conventional synchronous generators. Nearly all modern VRE generators
are based on power electronic converters. These generator concepts differ significantly in terms of
behaviour during network faults, emission of harmonic currents or inherent response to frequency
changes, for instance. As a consequence, VRE grid codes need to codify rules previously taken for
granted when synchronous machines were still the prevalent generator technology. On the other hand,
power electronic devices allow the implementation of characteristics that cannot be provided using
synchronous machines.

Requirements are usually specified as a minimum that needs to be met to obtain a grid connection.
Many functions do not necessarily represent advanced technology, but have already been commercially



available for several years. Other functions require more effort before they can be implemented. The
different aspects related to the ease of implementation of given requirements are discussed in section
3.5.

RANGE OF FEATURES COVERED BY GRID CODE REQUIREMENTS

Requirements set out in VRE grid codes cover a variety of issues. This include, for example, basic power
quality and system support during normal operation (contribution to voltage control and increasingly
also frequency support). It includes specific behaviour during disturbances, such as short circuit current
contribution and system protection requirements. Generator manufacturers may be encouraged to
innovate in order to implement each requirement if technology does not inherently comply with needs.

VRE grid code technical connection rules often have to be implemented not only by individual
generators, but require a system approach. Communication requirements ensure that a co-ordinated
real-time system operation remains possible even where there is a high instantaneous VRE share.
Simulation model requirements are imposed by grid codes or by system operators to ensure that system
planning and design remains feasible in continuously changing systems. Setting the parameters of

3.2 STUDIES REQUIRED AND RECOMMENDED TO DETERMINE
PARAMETERS

many requirements means investigating the needs of the power system. Requirements must consider
the capabilities of available generator systems in order not to obstruct VRE adoption. The following
studies are needed:

* load flow studies to investigate the necessary reactive power capabilities of generators; consulting
manufacturers need to identify the capabilities of existing products and evaluate potential cost of
extended capabilities;

« static and dynamic short circuit studies for evaluating protection and LVRT requirements;

¢ ramping study on reserve requirements and gradient limitations, ideally including frequency
stability study.

This list only includes studies relating to VRE grid code parameter creation and should be added to
studies to be conducted for system planning and operation purposes.

3.3 OVERVIEW OF TECHNICAL REQUIREMENTS
VOLTAGE AND FREQUENCY OPERATION RANGES

Customers connected to electrical power systems are provided with alternating voltage of standardised
magnitude and frequency. Operation ranges describe how far voltages in reality may deviate from this
ideal. This can never be attained exactly due to the physical properties of the grid, its generators and
loads. All equipment is therefore able to operate within some tolerance around the nominal values.
However, larger deviations can cause permanent damage or equipment breakdown.

A typical voltage tolerance band for unrestricted generator operation is #10% of the nominal value. The
frequency tolerance is usually much smaller, around +2% in large interconnected systems. In smaller
systems or island systems, slightly larger frequency bands are usually required because frequency
control is harder to handle. Outside the given tolerances, generators must remain operational for a
minimum period or may disconnect immediately depending on the magnitude of the disturbance. The
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time intervals specified provide a safety margin for the system operator to respond to disturbances. As
will be discussed in the country-case studies, experience indicates that disconnection requirements as
narrow as 49.5 Hz and 50.2 Hz in a 50 Hz system, for example, should be avoided.

The key considerations are listed as:

« all generators must be fully functional within a specified voltage band around the nominal value -
often £10%;

¢ required frequency withstand tolerances are around *2% in large interconnected systems and
exceed this in smaller systems.

POWER QUALITY

Beyond magnitude and frequency, voltage and current deviations from nominal values also occur in
terms of waveform distortions and short-term fluctuations. These deviations are classified according to
their characteristics and can be measured with appropriate methods. They are referred to as aspects
of power quality and are specific to a given location in the electricity network in a given time interval.

All generators have an inherent influence on at least some aspect of power quality in their vicinity.
This influence depends on the technology of the generator system and therefore differs between
conventional generators and typical VRE generators. VRE grid codes codify rules corresponding to
several aspects of generator influence, aiming to guarantee compliance with certain voltage quality
levels for all equipment and connected users.

The key considerations are:

« Power quality covers a range of phenomena related to voltage waveform and magnitude. All
generators influence power quality;

¢ Power quality requirements specify limits for emitting voltage disturbances and current for each
asset connected to the grid;

* All generators including VRE at any penetration level must comply with similar limits to ensure
suitable voltage quality for power system users.

REACTIVE POWER CAPABILITY FOR VOLTAGE CONTROL

Power system operators maintain the voltages in the system within their desired ranges primarily by
managing the contribution of reactive power from generators. Conventional generators in large power
plants provide a wide reactive power capability range available for this purpose. However, due to the
different generator technology, VRE generators do not inherently provide similar capability ranges.
Instead, desired reactive power capability ranges must be explicitly considered when a VRE generator
is being designed, and therefore may have a significant impact on generator cost.

Improved VRE generator reactive power capability helps to raise the level of VRE penetration in two
ways. Firstly, reactive power can be used in the distribution system to reduce the voltage rise prompted
by the distributed generator active power injection. More installed capacity can then be connected
before network equipment must be upgraded, thus helping reduce costs. Secondly, as VRE generation
displaces conventional power plants, the reactive power demands of the transmission system still need
to be fulfilled. Wide reactive power capability ranges equal to at least the largest VRE power plants
help reduce conventional must-run capacity for voltage control needs.

The key considerations are listed as:

*  Wide reactive power capability and controllability of VRE generators general