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Which flexibility options are available to cost-effectively overcome these challenges and how can these be combined to form an effective strategy for VRE integration? The GIVAR III project integrates analysis from a range of case studies (see below). Case study analysis was supplemented by an extensive literature review ... 
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1 Ƚ Introduction Background This book summarises the results of the third phase of the Grid Integration of Variable Renewables (GIVAR III) project, which the secretariat of the International Energy Agency (IEA) has carried out over the past two years. The publication addresses the following questions: ‡ What are the relevant properties of wind and solar photovoltaic (PV) power plants that need to be taken into account to understand their impact on power systems? What power system attributes influence the ease with which wind power and solar PV energy sources can be added to a power system? ‡ What challenges arise as variable renewable energy (VRE)1 sources are added to power systems? Are these transitory or likely to persist? Which are economically most significant? ‡ Which flexibility options are available to cost-effectively overcome these challenges and how can these be combined to form an effective strategy for VRE integration? The GIVAR III project integrates analysis from a range of case studies (see below). Case study analysis was supplemented by an extensive literature review of different options for VRE integration. The project has also benefitted greatly from the expertise of the IEA Technology Network, in particular Task 25 of the IEA Wind Implementing Agreement, “Design and Operation of Power Systems with Large Amounts of Wind Power”. Analysis was further informed by a suite of custom-tailored technical and economic modelling tools.
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Context Renewable energy (RE) is currently the only power sector decarbonisation option deployed at a rate consistent with long-term IEA scenarios to attain the 2°C target (IEA, 2013a). Wind and solar PV account for a large proportion of recent increases in RE generation, and are projected to contribute the vast majority of non-hydro RE generation over both the short and long term (IEA, 2013b, 2013c). Both technology families have seen important cost reductions and technological improvements over the past two decades (IEA, 2011a); their generation costs have reached or are approaching the cost of conventional power generation options (IEA, 2013b). However, as deployment of wind and solar PV has increased, some of their technical characteristics have raised concerns, in particular whether they can be relied upon to provide a significant share of electricity generation in power systems costeffectively. Wind and solar PV are variable sources of energy. This means that their output depends on the realtime availability of their primary energy resource: wind and sunlight respectively. This makes their output variable over time. It is also not possible to perfectly predict resource availability ahead of time.
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Experience has disproven many concerns about system integration of wind power and solar PV. In particular, managing the technical operation of power systems at low shares of VRE (usually in the order of 5% to 10% of annual generation) appears to pose no significant challenge, as long as some basic principles are adhered to. An important reason for this is that the challenges accompanying wind power and solar PV integration are, for the most part, not new to power system operation. Most importantly, power demand itself is variable and cannot be predicted with perfect accuracy. Also, conventional power plants may experience unexpected outages. Nevertheless, integration challenges 1. Variable renewable energy technologies are onshore and offshore wind, PV, run-of-river hydropower, wave energy and tidal energy. This publication focuses exclusively on wind and PV. The term VRE is used to refer solely to these two technologies throughout.
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do exist. The rapid build-out, in particular of solar PV in some countries, may put the existing power system under stress — as evidenced by recent energy market experiences in countries such as Germany and Italy. However, it is important to distinguish which of these challenges are transitory and which are likely to persist in the longer term, calling for dedicated solutions. The former are transition challenges, which result from the rapid addition of new technologies to a system that has been designed and regulated with other technologies in mind. The latter, persistent challenges are genuinely linked to the nature of wind power and solar PV. Where VRE is added to power systems with low growth in power demand and limited planned retirement of infrastructure (stable power systems), the transition may pose a number of distinct challenges. In systems where electricity demand is growing rapidly or a large amount of infrastructure is approaching retirement (dynamic power systems), the transition phase may be accelerated or might even be skipped altogether. However, these systems may face certain challenges more quickly than stable systems. Where applicable, this distinction between system circumstances is made in the publication.



The variability challenge The physical nature of electricity implies that generation and consumption must be in balance instantaneously and at all times. System operation needs to ensure this, respecting the technical limitations of all system equipment under all credible operating conditions, including unexpected events, equipment failure and normal fluctuations in demand and supply. This task is further complicated by the fact that electricity cannot currently be stored in large quantities economically.2
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Since the early days of electrification in the late 19th century, variability and uncertainty have been steady companions of power systems. Variability has historically been an issue primarily on the demand side,3 whereas uncertainty is primarily a supply-side issue. Load variability within the day can be quite high, with a factor of two between daily peak and minimum demand (as in Ireland, for example) but relative variability tends to be smaller in large systems (for example around 30% between peak and minimum in the aggregated case study region of North West Europe). Electricity demand often also shows a large seasonal variability. Exceptional operating conditions can alter the structure of electricity demand and system operation routinely deals with such events (Figure 1.1). The largest source of uncertainty comes from the failure of plants or other system components, which can cause abrupt and unexpected variations in supply. In addition, plants can and often do deviate from scheduled production levels. Such failures and deviations, while unpredictable, are anticipated with a certain probability and are factored into system planning and operation. Some uncertainty in demand is also to be expected. Load forecasting techniques are very mature, typically with a mean absolute error of 1% to 2% a day ahead. However, while load forecasting is usually highly accurate, there remains a residual amount of unpredictable fluctuation in real-time demand. Where load is particularly sensitive to weather conditions due to electricity demand for electric heating and air conditioning, load uncertainty can also be considerable.
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At shares above 2% to 3% in annual generation, wind power and solar PV generation is likely to lead to an increase in supply-side variability and uncertainty. However, it is the combined variability and uncertainty of the entire system (all generators and power demand) that needs to be dealt with. Therefore the additional impact of VRE is likely to be very small initially, gradually increasing with higher penetration levels. Because the system-wide variability has to be balanced, VRE output is often subtracted from power demand to form what is known as net load. The flexible resources of the power system (see below) work to balance net load rather than total load. 2. Relevant storage technologies first convert electricity before storing energy. Capacitors are an exception, but these cannot store large energy volumes. See Chapter 7 for details. 3. Most power systems have historically included some amount of variable supply, such as run-of-river hydroelectric and industrial co-generation, but in most cases the amount was relatively small. Co-generation refers to the combined production of heat and power. The Power of Transformation: Wind, Sun and the Economics of Flexible Power Systems
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Figure 1.1 Ƚ Exceptional load variability in Brazil during the 2010 Soccer World Cup, 28 June 70 000 4 200 MW less peak load



65 000



Demand (MW)



60 000 55 000 End of game 11 800 MW/28 min



Before the game 6 420 MW/40 min



50 000



Typical day Brazil vs. Chile



45 000 Halftime +3 300 MW/6 min 2 410 MW/14 min



40 000



:00 10 :00 11 :00 12 :00 13 :00 14 :00 15 :00 16 :00 17 :00 18 :00 19 :00 20 :00 21 :00 22 :00 23 :00 00 :00



:00



09



:00



08



:00



07



06



:00 :00 05



:00



04



:00



03



:00



02



01



00



:00



35 000 Time



Notes: during the game of Brazil (3) vs. Chile (0) on 24 June 2010. Source: Unless otherwise stated, all material in figures an tables derives from IEA data and analysis.
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Power demand is variable and can show rapid changes.



VRE has impacts on power systems over different timescales. On the operational timescale, shortterm variability and uncertainty cover periods ranging from a few minutes to 24 hours. This timescale is often referred to as the balancing timescale. However, variability will also have longer-term impacts, because altered operational patterns will eventually influence which investments are the most economic choice. This timescale is often referred to as concerning system “adequacy”. This publication also considers the longer-term implications of VRE integration, thereby expanding the scope of previous IEA work on the subject, which has focused on the balancing timescale (IEA, 2011b).
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Flexibility The key to integrating VRE is flexibility. In its widest sense, power system flexibility describes the extent to which a power system can adapt the patterns of electricity generation and consumption in order to maintain the balance between supply and demand in a cost-effective manner. In a narrower sense, the flexibility of a power system refers to the extent to which generation or demand can be increased or reduced over a timescale ranging from a few minutes to several hours in response to variability, expected or otherwise. Flexibility expresses the capability of a power system to maintain continuous service in the face of rapid and large swings in supply or demand, whatever the cause. It is measured in terms of megawatts available for changes in an upward or downward direction.
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Flexibility will vary from one area to the next, according to natural resources and historical development. In one area, flexibility may predominantly be provided by installed hydroelectric power plants, which are able to ramp output up and down very quickly. A neighbouring area, by contrast, may find most of its flexibility in a combination of gas plants and demand-side management. Flexibility, in power system terms, is traditionally associated with rapidly dispatchable generators. But balancing is not simply about power plants, as is often suggested. While existing dispatchable power plants are of great importance, other resources that may potentially be used for balancing are storage, demand-side management or response, and grid infrastructure. These too are likely to be present in different areas to greater or lesser extents. In addition, flexibility often has several facets. A power plant is more flexible, if it can: 1) start its production at short notice; 2) operate at a wide range of different generation levels; and 3) quickly move between different generation levels. VRE themselves can also provide flexibility.
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Sources outside the electricity sector can also contribute to flexibility. In fact, the growing importance of flexibility may drive stronger links to other energy sectors such as heat and transport. In the heat sector, for instance, space and water heating augmented by thermal storage systems and co-generation can create opportunities to meet more volatile net load. Electric vehicle (EV) fleets may provide a valuable option to expand opportunities for energy storage and enable better use of VRE output that is surplus to need at the time it is produced. Apart from the technically available flexible resources of the system, the way in which these are operated is critical. Operations need to be designed in such a way that the technically existing flexibility is actually supplied when it is needed. In addition, operational procedures may directly affect the demand for flexibility. For example, expanding the area over which supply and demand are balanced in real-time (the so-called balancing area) will reduce aggregate variability and hence the extent to which the system needs to be balanced actively. Analysis of operational and investment options for cost-effectively increasing the supply of flexibility and reducing demand for flexibility is a key focus of this publication.



Case study areas
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The GIVAR III project conducted 7 different case studies, covering 15 countries (Table 1.1). These were selected based on their existing experience with integrating VRE, as well as the expected increase in wind power and solar generation. In addition, the regions show differences in their existing generation mix and the extent to which they can be categorised as stable or dynamic systems; Brazil and in particular India fall under the latter category. The IEA has carried out a review of electricity market design in the case study regions and has gathered technical data on the different power systems. In addition, IEA experts visited selected case study countries (Brazil, France, Germany, India, Ireland, Japan, Norway, Spain and Sweden) conducting a total of over 50 stakeholder interviews with system and market operators, regulators, academics, as well as government and industry representatives.



Table 1.1 Ƚ GIVAR III case study regions Case study area



Geography



Brazil



Brazil



ERCOT (Electric Reliability Council of Texas)



Texas, United States Portugal



Iberia



Spain



India



India



Italy



Italy



Japan East



Hokkaido, Tohoku, Tokyo Denmark Finland France



North West Europe



Germany Great Britain Island of Ireland* Norway Sweden
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*Island of Ireland = Republic of Ireland and Northern Ireland.



Key point
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The GIVAR III project conducted 7 case studies, covering 15 countries.



The analysis is further informed by a suite of custom-tailored technical and economic modelling tools. Firstly, the Flexibility Assessment Tool, which was developed for the previous project phase, has been The Power of Transformation: Wind, Sun and the Economics of Flexible Power Systems
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revised and used to analyse the existing technical capabilities of case study power systems to allow for the uptake of large shares of VRE generation. Secondly, a state-of-the-art power system modelling tool, the Investment Model for Renewable Energy Systems (IMRES), was used to assess the cost-benefit profile of different flexibility options using a generic test system. Finally, the cost-effectiveness of different flexibility options for the North West Europe (NWE) case study region was analysed using the BID3 model, as part of a collaboration with Pöyry Management Consulting (UK) Ltd.



This publication The analysis of this book takes the perspective of an interconnected power system, putting particular emphasis on the long-term interaction between VRE power plants and the four flexible resources (dispatchable generation, grid infrastructure, storage and demand-side integration). It has three main components: Chapters 2 and 3 provide an assessment of system impacts of VRE and the technical flexibility of power systems. Chapter 4 develops the analytical framework to assess the economic impact of higher shares of VRE penetration. The remaining chapters (Chapters 5 to 8) discuss the principle levers by which high shares of VRE can be achieved, concluding that this calls for an integrated approach to transform the system. More specifically the chapters are structured as follows: Chapter 2 presents six properties of wind and solar PV power plants that are most relevant for their system and market integration. Each property is explained using examples drawn from a case study region, and its associated impacts discussed. Because system integration is a matter of interaction between different components of the power system, power system properties that are relevant to system integration are also introduced. Chapter 3 describes the current state of play of VRE deployment in the case study regions, and features a simplified assessment of the levels of VRE penetration that are technically feasible given today’s system conditions.
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Chapter 4 discusses the impacts of VRE on the power system from an economic perspective, laying the ground for the analysis in Chapters 5 and 6. It highlights the fact that the value of VRE depends on the degree to which the power system and VRE fit together. Improving the match between VRE and the power system may call for a more fundamental transformation of the power system, to ensure lowest possible system costs at high shares of VRE. Wind and solar PV can facilitate their own grid integration through improved deployment, while ensuring sufficient technical capability and system-friendly economic incentives. These are discussed in Chapter 5. Chapter 6 provides an overview of the operational strategies — including market operations — that are available to optimise the interplay of wind and solar PV power plants and the overall system. Such operational changes are a critical foundation of any cost-effective strategy to integrate VRE under virtually all system circumstances.
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While operational practices are critical for successful grid integration, additional investment in flexibility is needed to transform the system in the long term. The available options are discussed in Chapter 7, addressing both their technical suitability to mitigating integration challenges, and their economic performance with regard to total system costs. Chapter 8 brings together the analysis of the previous chapters to discuss the issue of power system transformation in a more integrated fashion, in particular with a view on how to combine different options for increasing flexibility. Chapter 9 presents conclusions, highlighting the most important challenges and opportunities together with policy recommendations.
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