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INTERNATIONAL ENERGY AGENCY

The International Energy Agency (IEA), an autonomous agency, was established in November 1974.
Its primary mandate was — and is — two-fold: to promote energy security amongst its member

countries through collective response to physical disruptions in oil supply, and provide authoritative
research and analysis on ways to ensure reliable, affordable and clean energy for its 29 member
countries and beyond. The IEA carries out a comprehensive programme of energy co-operation among
its member countries, each of which is obliged to hold oil stocks equivalent to 9o days of its net imports.

The Agency’s aims include the following objectives:
Secure member countries’ access to reliable and ample supplies of all forms of energy; in particular,

through maintaining effective emergency response capabilities in case of oil supply disruptions.
Promote sustainable energy policies that spur economic growth and environmental protection
in a global context — particularly in terms of reducing greenhouse-gas emissions that contribute

to climate change.
Improve transparency of international markets through collection and analysis of

energy data.
Support global collaboration on energy technology to secure future energy supplies
and mitigate their environmental impact, including through improved energy
efficiency and development and deployment of low-carbon technologies.
Find solutions to global energy challenges through engagement and
dialogue with non-member countries, industry, international
IEA member countries:

organisations and other stakeholders.
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Executive summary

Wind and solar PV capacity has grown very rapidly in many countries, thanks to supportive policy,
and dramatic falls in technology cost. By the end of 2015, these technologies — collectively
referred to as variable renewable energy (VRE) — had reached double-digit shares of annual
electricity generation in ten countries. In Denmark their share in electricity generation has risen
to around 50%, and was around 20% in Ireland, Spain and Germany, in all cases without
compromising the reliability of electricity supply.

Despite this evidence, discussion of VRE integration is often still marred by misconceptions,
myths, and in cases even misinformation. Commonly heard claims include that electricity storage
is prerequisite to integrate VRE, and that conventional generators are exposed to very high
additional cost as VRE share grows. Such claims can distract decision-makers from the real,
though ultimately manageable issues; if unchecked they can bring VRE deployment to a juddering
halt.

This manual, written for policy makers and staff in energy ministries and regulatory bodies, has
two main objectives: firstly to clarify the true challenges faced in the early days of VRE
deployment; and secondly to signal how these can be mitigated and managed successfully.

It reveals how measures to maintain cost-effectiveness and reliability of the power system differ
over four stages of VRE deployment. These phases are differentiated by an increasing impact of
growing VRE capacity on power systems, providing a useful framework for prioritisation of tasks,
which may otherwise be presented as a wall of challenges at the outset of deployment.

Phase One is very simple: VRE capacity has no noticeable impact on the system. Where wind or
solar plants are installed in a system that is much bigger than those first plants, their output and
variability go unnoticed compared to daily variations in power demand. Examples of countries in
Phase One of VRE deployment at present include Indonesia, South Africa and Mexico; annual VRE
shares in these countries reach up to around 3% in annual electricity generation.

In Phase Two, VRE has noticeable impact, but by upgrading some operational practices this can
be managed quite easily. For example, forecasting of VRE plant output can be done so that
flexible power plants can balance their variability, along with that of electricity demand, more
efficiently.

There is no single threshold in terms of energy share; when a power system will enter Phase Two
depends on its own properties. For example, ranging from 3% to almost 15% VRE share of
energy, countries in Phase Two at present include Chile, China, Brazil, India, New Zealand,
Australia, the Netherlands, Sweden, Austria and Belgium.

It is Phase Three that sees the first really significant integration challenges, as the impact of
variability is felt both in terms of overall system operation, and by other power plants. Power
system flexibility now comes to the fore. The term flexibility in this context describes the ability
of the power system to respond to uncertainty and variability in the supply-demand balance, in
the timescale of minutes to hours, for example providing power from other sources when the
wind drops. Today, the two main flexible resources are dispatchable power plants and the
transmission grid; but demand side options and new storage technologies are likely to grow in
importance in the medium-term. Examples of countries considered to be in Phase Three of VRE
deployment include Italy, the United Kingdom, Greece, Spain, Portugal and Germany; the VRE
penetration in these countries ranges from 15% to 25% in annual generation.

New challenges emerge in Phase Four. These are highly technical and may be less intuitive in
nature than flexibility, relating instead to the stability of the power system. The stability of a

Page | 5



Page | 6

Getting Wind and Sun onto the Grid © OECD/IEA 2017
A Manual for Policy Makers

power system is its resilience in the face of events that might disturb its normal operation on
very short timescales (a few seconds and less). Countries that are seeing challenges primarily
related to this phase include Ireland and Denmark, with an annual VRE share of around 25% to
50% in annual generation.

This manual focuses on the first two phases, in which most countries find themselves today; the
flexibility aspect of Phase Three is discussed briefly also, because advance planning in this regard
is critical.

In Phase One the integration challenges are small but two aspects are important. Firstly, proper
assessment is needed of the impact of those first few VRE plants on the grid at their point of
connection; and secondly a set of rules appropriate to VRE plants and governing their operation
(grid connection rules) needs to be in place. Integration tasks in Phase Two are more onerous,
although international experiences prove that they are entirely manageable.

e The grid connection code identified in Phase One needs to keep pace with the level of VRE
deployment. Due to their often highly technical nature, grid codes rarely receive adequate
policy attention. However, the majority of security of supply concerns with VRE in recent
years have resulted from a failure to anticipate them in the grid code; while they have been
subsequently resolved by amendments to it. Prominent examples include low-voltage ride
through capabilities, which were first discovered to be an issue in Spain in the mid-2000s, and
the “50.2 Hertz” problem in Germany. Both issues have been resolved via re-programming of
VRE power plants. A grid code that is updated with an eye to international experiences, with
strong stakeholder buy-in and effective enforcement, is critical to security of supply.

e The output of wind and solar power plants must be reflected in the wider planning of power
system operation. The system operator — the all-important institution in the integration
context — must have visibility (data) of what these power plants are doing in real-time, so it
can plan the operation of dispatchable power plants accordingly. The system operator must
also be able to curtail a proportion of VRE output at critical moments; this is crucial for the
operator to be able to perform its primary objective of upholding security of supply. For
example, the Spanish system operator has dedicated a section of its control centre to monitor
and control VRE output effectively.

e The absence of an effective system for forecasting the output of wind and solar plants, in
contrast, will not jeopardise supply security, but it will make integration very expensive, as the
system operator will have to maintain disproportionately large reserves against variability.

e It is important to establish a systematic approach to maximising the use of existing network
assets, as well as planned expansion of the grid, to resolve bottlenecks. Where VRE power
plants are small and dispersed over the low voltage grid (e.g. rooftop solar PV), managing the
interface between the (high voltage) transmission network and (lower voltage) local networks
emerges as a priority. The latter is becoming a priority in regions including Australia (South
Australia), Germany (Bavaria), United States (Hawaii) and Italy (Puglia).

e Finally, important steps should be taken to adapt VRE power plants to the needs of the wider
power system (i.e. not just vice versa). International experiences show that a well-balanced
portfolio of wind and solar PV power plants, for example, can have complementary electricity
output profiles, which may enable the better use of existing grid assets. Choice of location can
have important benefits also: a dispersed portfolio will have a smoother overall output than if
plants are geographically concentrated, and will therefore be easier to manage. Concentration
of plant has led to issues in regions including Tamil Nadu in India, and South Australia.
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In Phase Three, the first priority is to make fully available the flexibility that exists already in the
power system, so that it can better accommodate the variability of VRE plants. Changing the way
in which conventional power plants operate often represents the easiest flexibility gain, and their
full potential can be unlocked with a combination of changes to market design — essentially, how
electricity is traded — and technical upgrades.

System integration is but part of the whole range of challenges that arise in the deployment of
VRE power plants. Some of these others include the design of renewable energy policy
frameworks, measures to kick-start a domestic renewable energy market, and questions around
the design of wholesale and retail electricity markets. These can be found in the annexes as well
as in other recent IEA publications. This manual focuses on the integration challenges as they can
be expected to arise. It presents examples of where and how they have been encountered and
resolved, and provides explicit recommendations as to how newcomers to VRE deployment
should proceed.

Page | 7
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Introduction

What is in this document?

Wind and solar PV technologies have seen rapid cost reductions and can now provide electricity
at or below the cost of traditional sources in a growing number of countries. However, wind and
solar PV have a number of properties that make them different from other sources of electricity
generation.

Most importantly, variable renewable energy (VRE) output fluctuates over time, driven by the
varying availability of wind and sunlight. This output uncertainty, and other factors, may lead to a
number of concerns, particularly early on in deployment, when in fact the challenges are least.
And while it is true that new challenges do arise as the share of wind and solar power increases
on a power system, in fact these are usually very different from the concerns frequently
expressed by those unfamiliar with these technologies.

For the purposes of this manual, which focuses on the integration of variable renewable energy
(VRE) into existing power systems, the IEA has identified four distinct phases of VRE deployment.
These are based on the impact of wind and solar PV on the power system, additional to what
would be observed in a system without VRE.

Because many countries are just beginning VRE deployment, this document focuses particularly
on Phase One and Phase Two of VRE deployment. In addition, one very important aspect of
Phase Three, relating to power plant flexibility, is also discussed, because planning for the long-
term needs of the power system may need to begin early on.

This document has two objectives. The first is to clarify what the true challenges are when
beginning wind and solar power deployment. The second is to provide practical guidance on how
to mitigate and manage these challenges successfully. This is of the utmost importance: if
appropriate actions are omitted then the further deployment of VRE, and the security of
electricity supply, may be jeopardised.

Who should read it?

This document is aimed primarily at policy makers and staff working in energy ministries and
regulatory bodies considering the integration of VRE in their power system in a safe and cost-
effective manner. The information it contains will also be useful for staff working in the power
sector, including owners of non-VRE generation as well as system operators and power system
planners. The authors assume a general familiarity with renewable energy policy as well as power
system planning and operation. A glossary provides a succinct reference for some of the more
technical terms.

What is not in this document?

This document addresses the system integration of VRE, which encompasses the technical,
institutional and regulatory changes required to accommodate VRE in the power system in a
reliable and cost-effective way, i.e. to ensure that, when wind and solar power plants are built,
they work smoothly with the rest of the system. Evidently, kick-starting a market for wind and
solar PV requires a number of other factors to be in place. These include a robust mechanism for
remunerating VRE plants, a streamlined permitting process, accurate assessment of resources,
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and effective energy planning. This publication discusses remuneration mechanisms and
permitting only so far as they are relevant for system integration, i.e. dealing with the specific
properties of wind and solar PV. Readers interested in the broader policy framework can find
detailed analysis and recommendations in several IEA publications (e.g. IEA 2016a, 2016b, 2016c,
and 2015).

Grid integration: Myths and reality

A number of claims regarding wind and solar PV integration can be encountered in power
systems where deployment is just beginning, and where experience has not yet revealed them to
be fallacies.

Claim 1: Weather driven variability is unmanageable

Probably the most prominent claim can be summarised as follows: “Wind and solar PV show
extreme, short-term fluctuations that make them unsuitable as a generation resource.”

This statement is very plausible to begin with: from our everyday experience we are all familiar
with the abrupt changes in wind speed that might require thermal units to change their output
very rapidly, in order to accommodate changing VRE output. Similarly, passing clouds can very
rapidly change insolation and thus the output of the solar PV panels over which they pass. But
this intuition misses two important factors.

Firstly, power demand itself shows random, short-term fluctuations; in consequence all power
systems already have a mechanism to deal with this variability. When wind and solar PV
deployment is beginning, the fluctuations in their output will tend to be “lost in the noise” of
demand fluctuations.

As more VRE plants are added to the system, a second effect comes into play. The short-term
fluctuations in output of different VRE plants, located in different locations in a power system,
tend to cancel out. This means that remaining variability is less pronounced and large changes
tend to happen on the hourly timescale rather than seconds.

This notwithstanding, there can be situations in which single plants can have an adverse effect on
their immediate surroundings. This is further discussed below.

Claim 2: VRE deployment imposes a high cost on conventional
power plants

Another frequently made claim goes as follows: “Fluctuations coming from wind and solar PV put
a large burden on traditional dispatchable power plants, obliging them to adjust their output very
rapidly. This creates significant technical challenges and sharply increases power system costs.”

This claim is generally not true for larger power systems where deployment of wind and solar
power is just beginning. The reason is the same as for the first claim: at low shares of VRE,
variability is dwarfed by that of consumer demand, and consequently not much changes for
conventional generation.

As shares increase however, VRE output variability will begin to influence the generation patterns
of other power plants. But in many power systems, experience has shown that power plants are
technically capable of more dynamic operation without substantially increasing total power
system costs. Using VRE production forecasts and adjusting generation schedules close to real-
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time are low-cost, effective tools to mitigate adverse impacts; and failure to adopt such measures
can increase costs for the system as a whole. In contrast, in small island systems, VRE can impact
other generators earlier on in deployment, and more significantly, but these smaller systems are
not the focus here.

Claim 3: VRE capacity requires 1:1 “backup”

This claim is usually expressed as follows: “Wind and solar PV are an unreliable source of power —
therefore they need to be backed up by conventional power plants, which is very expensive.”
While it is certainly the case that the output of VRE power plants varies with the weather, it does
not follow that one megawatt of VRE needs to backed up with one MW of conventional power
plant.

One MW of solar PV, for example, is likely to operate for 10% - 30% of the time on average over
the year. This is known as its capacity factor (CF), and the actual value depends on the quality of
the solar/wind resource, which varies with geography. (For wind plants, CF tends to lie between
20% and 50%.) From a long-term planning perspective this is the amount of power that will need
to be covered when the resource is absent, such as at night for solar, or when the wind drops.

From a shorter-term perspective — i.e. in the operational timeframe of seconds to days — the
output of the VRE megawatt will fluctuate with the weather. For a solar PV megawatt, depending
on the time of day, this might be from rated capacity to around 20-30% (solar PV does not need
direct sun to generate, so it does not fall to zero). But such fluctuations are reduced when VRE
capacity is installed over a wide area — and interconnection among adjacent countries/power
systems can make this area very wide indeed. This has the effect of increasing the capacity value
of the VRE installed (see illustrations for both wind and solar in Figure 10).

Capacity value (or “capacity credit”) — not to be confused with the capacity factor mentioned
above — indicates the extent to which VRE can be relied upon like conventional power plants. The
capacity value of VRE thus varies from place to place, and with the size of the system considered.
This is a very important fact: there is no single answer to the “back-up” claim. Capacity value is
further improved by combining both wind and solar technologies, whose outputs may be
complementary.

The coincidence of VRE output with peak demand is another major factor. For example, solar PV
reaches peak output at the hottest times of the day; if there is a large air-conditioning load then
this pattern of output will fit well, and the capacity value of solar megawatts will be higher. Wind
energy, being less regular in output, benefits less from this demand complementarity.

Finally it is essential to remember that power systems are not dimensioned to back up any one
particular group of power plants; traditionally through building in redundancy, and increasingly
through more flexible and dynamic operation of interconnected assets, it is the system’s ability
as a whole to meet demand that is important.

And not only power plants are considered in this regard. There are other low-cost strategies to
manage the relatively low capacity value of VRE. Demand side response (DSR) can be used to
shift demand to periods when VRE availability is high. Battery storage technologies are emerging
alongside existing reservoir hydro storage and pump storage. These energy stores can be charged
up when VRE generation is abundant, to discharge during periods of low VRE output. DSR and
battery storage are at an early stage but offer significant future potential (IEA, 2016b).
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Claim 4: The associated grid cost is too high

The first three claims are related to the profile of VRE output over time. Another set of claims is
linked to the location of VRE plants: “Wind and solar PV resources are located very far from
demand; connecting them to the grid is thus very costly.” It is true that the best wind and solar
resources are often in remote areas that tend to be less favourable for human settlement;
deserts are the sunniest places on the planet, and large population centres are hardly ever built
in open, windy plains, although their proximity to high quality offshore wind resources may be
greater.

Tapping into such resources will come at the cost of extending or upgrading the existing power
grid. This cost varies considerably depending on geographic factors, land costs, etc. A
comprehensive review of integration studies in the United States found a median value of
roughly 15% of the cost of wind generation capacity for the cost of expanding the transmission
grid. But costs vary widely, from USD 0/kW of wind capacity up to USD 1500/kW (Mills et al.,
2009). A useful rule of thumb holds that grid infrastructure is a factor of ten cheaper than
generation capacity, and there are many other possible benefits associated with increasing
transmission, such as reducing congestion and increasing reliability.

In addition, technology learning and falling costs are resulting in cost—effective VRE deployment
in locations that do not boast the greatest resource. This additional flexibility in siting VRE
generation can lower associated grid costs.

Claim 5: Storage is a must-have

The claim that “Only additional electricity storage can smooth fluctuations of wind and solar PV”
is often asserted. Again, it seems a very intuitive statement: looking at the fluctuations coming
from VRE plants, it seems an obvious necessity to buffer this output, in order to give it a smooth
profile.

Nevertheless, as with the other claims, important factors are omitted. The main point behind this
claim is that at some point, VRE integration calls for an increase in power system flexibility.
Indeed, this is the hallmark of Phase Three of VRE integration. However, storage is not the only
form of flexibility. Dispatchable generators including thermal power plants and reservoir hydro
routinely manage fluctuations on the demand-side. There are many other sources of flexibility,
including demand side response or trade with other power systems. So electricity storage is just
one of a package of solutions — and so far has not featured greatly in most countries already
reaching above 20% share of VRE. (Wind dominates in most of these cases; the cost effectiveness
of electricity storage is usually higher for PV than for wind.)

Claim 6: VRE capacity destabilises the power system

Power systems rank among the most complex machines ever built. The work of system operators
in maintaining their stable operation amounts to constant monitoring and control. In some ways
it is analogous to riding a bicycle: the rider must make continuous adjustment to keep it in
balance.

As anybody who has ever ridden a bicycle will know, it is harder to keep balance when going very
slowly; the spinning of the wheels at high speed provides inertia, stabilising the bike through the
laws of physics. A similar process occurs in power systems: the rotation of very large generators
and turbines in conventional power plants keep them in balance. In contrast, wind and solar PV
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generators are not connected to the grid in the same way as conventional generators and so do
not, per se, provide inertia.

This is the basis of the last claim: “Wind and solar PV do not contribute to power system inertia —
and this destabilises the power system.” The degree to which this becomes an issue is driven by
two factors: how much VRE is generating at a given time, and the size of the power system. As
long as the share of VRE capacity is small compared to the minimum to average power demand
of the system, issues around inertia are likely to be minor, except in very small power systems
(e.g. with peak demand of 100 MW to a few GWSs). In any case, it is unlikely that inertia will be an
important factor in the early stages of VRE deployment. In addition, there are technical options
for supplying additional inertia to the system. These options include the use of flywheels and
extracting synthetic inertia from wind turbines.

More generally, state-of-the-art VRE generators are technically sophisticated and capable of
providing a range of relevant system services to stabilise the grid. However, few jurisdictions
require VRE to provide these services, or offer compensation for them, as more cost-effective
means of stabilising the grid are available. Until they are required or incentivized, it is unlikely
that VRE plants will provide these services.



© OECD/IEA 2017 Getting Wind and Sun onto the Grid
A Manual for Policy Makers

Different phases of VRE integration

The previous section describes why some commonly heard, negative claims about wind and solar
are inaccurate, and especially in the early days of VRE deployment. So what then are the
challenges with VRE integration?

There is no simple answer to this question: no two power systems are exactly the same; and
neither are the solar or wind resources of two different countries. Consequently, it is impossible
to derive simple rules linking, for example, a certain annual share of wind and solar energy with a
specific level of integration effort or cost.

This document defines four phases of VRE integration. These are differentiated by the impacts on
power system operation resulting from increasing shares of VRE capacity. Generalisation will
inevitably overlook important subtleties, but provides a useful framework for prioritisation of
grid integration tasks, which may otherwise be presented as a wall of challenges at the outset of
deployment.

The VRE generation share at which a system can be said to enter a phase depends on a number
of circumstances (Box 1).

Box 1 e Principal power system characteristics that determine the extent of integration challenges

Main structural, technical factors:

e Geographical and technical spread of VRE: more diversity means lesser challenges.
e Size (MW demand): larger systems face lesser challenges.

e Match between demand and VRE output (seasonal and daily): a good match means fewer
issues.

e Flexibility of power plants (whether thermal, hydro or other dispatchable renewables):
shorter start-up times, lower minimum output, and faster ramping (changes of output)
means fewer issues.

e Interconnection, storage, and demand response: the greater the presence of each, the
more manageable is integration.

System operation, market design and regulation

e System operation: operational decisions for power plants and interconnection should be
close to real time operation.

e Market design: the more electricity that is traded on short-term markets the better.

e Technical standards (grid codes): if system services are required of VRE power plants,
integration challenges will be lesser. (Such requirements need to be balanced against
additional costs to VR