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The record-breaking temperatures seen in the summer of 2022 have shown the impact of global warming. Whether in Europe or China, no one can escape it.

Decarbonisation is the only way forward: future electricity generation will have to come to a large extent from renewable energy with the remaining share coming from other low-carbon sources. The tremendous growth of renewable electricity capacity is fundamentally changing global electricity systems and presents power grids with enormous challenges. In the past decade, China has emerged as a global renewable energy champion, ranking first for both investment in and production of renewable energy. In 2021, renewable power plants made up more than 1 000 GW of China’s 2 200 GW installed power capacity, in a mix of solar, wind and hydropower. With the new round of power market reforms in 2015, the coal-fired power tariff reform in October 2021 and the announcement in January 2022 that a national unified power market system is to be established, momentum is building for the creation of an electricity market in China.

China’s power market designers and policy makers are now grappling with the problem of how to integrate intermittent renewable energy effectively under China’s socio-technical system. It is a good moment to find out about the experiences of other power markets throughout the world that have confronted similar issues. What market measures have helped to minimise power curtailment, blackouts, and stranded assets?

The publication of the Handbook on Electricity Markets in November 2021 could not have come at a better moment. Edited by Jean-Michel Glachant, Director of the Florence School of Regulation, Paul L. Joskow, Massachusetts Institute of Technology, and Michael G. Pollitt, University of Cambridge, it includes contributions from the most brilliant thinkers and experts in the field of electricity markets.

The EU-China Energy Cooperation Platform has commissioned an EU-funded Digest of the Handbook so that its key points are available to busy decision-makers. Jean-Michel Glachant and Nicolò Rossetto of the Florence School of Regulation have condensed its contents, in consultation with its numerous expert contributors. An edition of the Digest is available for distribution in China, alongside an international edition in both Chinese and English. The China edition includes an extra chapter, ‘Takeaways from the Handbook on Electricity Markets in China,’ by Michael G. Pollitt.

In commissioning the Digest, ECECP hopes to ensure that the wealth of information in the handbook can reach the widest possible readership, and so share findings that could help to ease the global transition to a carbon-free economy.

Dr Flora Kan

Team Leader of the EU-China Energy Cooperation Platform
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​​​​​​​CHAPTER 1. Introduction to the Handbook on Electricity Market
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Jean-Michel Glachant, Paul L. Joskow and Michael G. Pollitt

The electric power industries in all countries have changed enormously over the roughly 140-year history of central station generation/transmission/distribution systems supplying electricity to the public. The evolution has reflected technological change on both the supply and demand sides, exploitation of economies of scale, environmental and other policy constraints, organizational and regulatory innovation, interest group politics and ideology.​[1] This handbook focuses on the latest set of institutional changes to electric power sectors around the world that are generally captured by the phrases restructuring, competition, decarbonization and regulatory reform.

The contemporary restructuring of the electric power industry has involved: (1) the separation or unbundling of the previously (typically) vertically integrated — through common ownership or regulated long-term contracts — generation, transmission, distribution and retail supply segments of the industry; (2) the deconcentration of and free entry into the generation segment; (3) the reorganization of the transmission/ system operations segment; and (4) the separation of the physical distribution (delivery) segment from the financial arrangements for retail supply of energy.

These restructuring initiatives have been designed to enable competition between generators to supply energy, ancillary services and capacity in wholesale markets and to open retail supply to competition. Regulatory reform has been focused on actions to facilitate the efficient evolution of competition, to improve the performance of the remaining regulated monopoly segments of the industry and, most recently, to integrate efficiently intermittent wind and solar generation along with electricity storage, as electric power systems respond to constraints on greenhouse gas emissions.

Government policies and regulation have been particularly important in directing the design of wholesale markets, defining the obligations and behaviour of transmission owners and system operators, improving the performance of regulatory mechanisms that specify how transmission and distribution system owners and system operators are compensated, and guarding against anti-competitive behaviour in the newly competitive wholesale markets and retail supply segments. Policies designed to decarbonize the electricity sector by replacing fossil-fuel generation with zero-carbon resources, primarily adding intermittent wind and solar generation along with storage, have created a new set of issues for system operation, wholesale market design, retail rate design, the investment framework for wind, solar and storage, reliability and other considerations. Electric power systems built around dispatchable, primarily thermal generation with capacity constraints are now evolving to manage systems ​​with intermittent wind and solar generation at scale, energy storage and high levels of spot market price volatility as zero marginal operating cost intermittent resources penetrate these systems. Deep decarbonization is transforming electric power systems from capacity-constrained systems to energy-constrained systems. This transition requires aggressive carbon emissions constraints with network reliability criteria.

Different countries, and even states and provinces within countries, have approached this basic restructuring programme in different ways. The first major initiative occurred in England and Wales starting in 1989.​[2] Restructuring and competition initiatives in the US, Canada, Australia, the EU and other countries proceeded in the late 1990s and early 2000s. In most cases, early reforms have been followed with additional design and regulatory changes in response to problems that emerged during the reform process, lessons learned, new environmental policies, especially policies to respond to climate change, and the evolution of generation supply and storage technologies compatible with these environmental goals (wind, solar, storage, system operations and computing capabilities, energy efficiency and demand response). While the basic architecture of restructuring is similar across countries, states and provinces, there are significant differences in the details. And there are some countries and regions that have not restructured at all and continue to rely on traditional arrangements (e.g., large parts of the US and Canada).

This handbook brings together a wealth of expertise to look at both the current legacy state of power markets around the world (in Part I) and how those power markets can and should adapt to new low and zero-carbon generation technologies, energy storage and the policy priorities that are driving their adoption (in Part II). In the rest of this introduction, we briefly summarize some of the key issues covered in the 21 chapters that follow this one.

	[image: ]
	 	[image: ]


[image: ]

​​Part I  Taking Stock: The Legacy
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Chapter 2 by Richard Schmalensee discusses the strengths and weaknesses of the traditional institutional arrangements, outlined above, as they emerged following the First World War. The chapter also identifies some of the challenges to wholesale and retail markets and retail pricing associated with deep decarbonization of electricity supply and the associated reliance on intermittent wind and solar generation and energy storage as dispatchable fossil-fuel generation is replaced.

The handbook then turns to wholesale and retail market design, strengths and weaknesses of different approaches, and adaptations over time in several different countries and regions. There are many similarities between these market models, but also some important differences. The market models have all evolved in response to lessons learned from experience and to changes in public policies. While Part I of the handbook does not cover the market models adopted in all countries and regions, the range of wholesale and retail market design differences and adaptations to imperfections and public policy changes capture most of the variations that we see around the world.

Chapter 3 by Paul Joskow and Thomas-Olivier Léautier presents the basic theory of optimal investment and pricing at the bulk power or wholesale level for systems comprised primarily of dispatchable fossil-fuelled and nuclear thermal generating capacity. This theory can be traced back to the work of Marcel Boiteux, Ralph Turvey and others in the 1950s and 1960s. That work focused on optimal investment and optimal pricing for a centrally planned monopoly with dispatchable thermal generation at what we would now call the wholesale level.​[3] However, this basic theory formed the basis for the initial design of competitive wholesale markets, essentially assuming a duality between optimal investment and pricing in a centrally planned system with price formation and investment in competitive wholesale markets. Whether and how this basic theory and its application to wholesale market design must be revised to account for deep decarbonization of the electricity sector with high levels of intermittent wind and solar generation and storage is the focus of Part II of this handbook.

Chapter 4 by Frank Wolak discusses the key design features of successful wholesale electricity markets in general. These include: (1) matching the wholesale market design and resulting generator dispatch and congestion management to the physical attributes of electric power systems; (2) market and regulatory mechanisms to govern the incentives for entry and exit of generators consistent with achieving long- term generation resource adequacy criteria; (3) horizontal market power concerns and mitigation mechanisms; and (4) mechanisms to integrate demand response into wholesale markets. The chapter also discusses issues that arise in small markets and developing country contexts. It concludes with a brief discussion of market design issues associated with the integration of grid-scale and distributed renewables, mainly wind and solar.

Chapter 5 by Stephen Littlechild discusses the development of competitive retail supply markets. The unbundling of physical delivery services (distribution) from the contractual arrangements defining how independent intermediaries can compete to arrange for and are compensated for the electricity consumed by retail customers is truly an innovation that departs from the historical responsibilities of local distribution companies both to deliver electricity and arrange for its supply (and be paid for them in return). Retail competition has been especially valuable for larger customers with interval meters, demand management capabilities and some onsite generation. Competitive electricity retail suppliers can offer contracts that give these customers better price signals and can integrate retail consumption and load management decisions with wholesale markets. Retail competition for residential and small commercial customers has been more controversial, though this may change as smart meters, real-time pricing, smart grid enhancements and individual customer utilization settlements protocols (rather than load profiles) are more widely deployed. The chapter starts by discussing early thinking about restructuring and competition during the 1980s. It goes on to analyse the creation of retail markets around the world during the 1990s and early 2000s. The concerns about and interventions in retail supply markets during the 2010s are presented next. Finally, Littlechild questions whether the concerns are justified and asks what might happen in the future.

The handbook then moves on to in-depth discussions of the details of wholesale market designs in specific countries or sub-regions of countries, their strengths and weaknesses, and their evolution in response to weaknesses and changes in public policies. Chapter 6 by David Newbery discusses the market model initially adopted in England and Wales and how it has changed over time. The chapter provides background information on the pre-restructuring (post First World War) electricity sector in England and Wales and the motivations for privatization and restructuring for competition. The chapter then turns to a discussion of the post-restructuring ownership structure of generation, the design of the new wholesale market and the horizontal market power problems that emerged. Dissatisfaction with the performance of the initial industry structure and market design led to deconcentration of generation ownership and major changes in wholesale market design, transforming the initial market into an energy-only market without capacity payments, the so-called New Electricity Trading Arrangements (NETA). We then learn why and how capacity markets and government-mandated procurement of carbon-free resources pursuant to long- term purchased power agreements were reintroduced to support resource adequacy goals and, more importantly, decarbonization goals. The chapter concludes with thoughts on the integration of carbon-free generation resources and potential future reforms.

Chapter 7 by William Hogan discusses the market model adopted by PJM Interconnection in the US. PJM covers all or portions of 13 US states located east of the Mississippi River. PJM is a regional transmission organization (RTO), though in the US context it makes sense to use RTO and ISO (independent system operator) interchangeably. PJM manages wholesale energy, ancillary services and capacity markets for most of the investor-owned utilities, generators and transmission owners in this region. Unlike in most European countries, the day-ahead markets are fully integrated with day-of-markets and real-time operations. These markets are also fully integrated with the management of transmission constraints by relying on a security-constrained bid-based economic dispatch auction market design for energy and ancillary services dispatch and prices. This mechanism yields locational (nodal) prices that vary from location to location when transmission constraints are binding. The chapter starts with a history of PJM (originally just New Jersey and Pennsylvania), going back to its roots in the 1920s as a centrally-dispatched power pool, to the reforms during the 1990s and the ultimate creation of the basic wholesale market framework that defines PJM today. The chapter goes on to discuss many of the details of the PJM market model, whose basic version has largely been adopted by the other ISOs/RTOs in the US. Interestingly, PJM includes states that have fully restructured to rely on competitive wholesale and retail competition as well as states that continue to rely on vertically integrated monopolies.

Chapter 8 by Ross Baldick, Shmuel Oren, Eric Schubert and Kenneth Anderson discusses the market model in the Electric Reliability Council of Texas (ERCOT), which covers most of Texas. The chapter places the restructuring programme in ERCOT in a fascinating historical, political and ideological context. Unlike PJM, ERCOT is a single- state ISO. Nor is ERCOT subject to Federal Energy Regulatory Commission (FERC) jurisdiction but rather to the jurisdiction of the Public Utility Commission of Texas (PUCT). As a result, state policies, ISO policies and market design features can be harmonized more easily than in multi-state ISOs, where each state is a stakeholder and federal and state policies, especially regarding efforts to decarbonize the electricity sector, often differ. ERCOT model also reflects a deep commitment to competition in the electricity sector by Texas policymakers. The chapter reviews the restructuring process in ERCOT, the goals for wholesale and retail markets, the evolution of the design of both and brings us up to date on current issues. Today, ERCOT wholesale markets have many similarities to the other ISO/RTO markets in the US. However, there is an important difference regarding how ERCOT handles resource adequacy.

Unlike the other ISO/RTO markets, ERCOT does not have a capacity market or use a centralized market to allocate capacity obligations.​[4] It does not establish forward capacity reserve requirements. Rather, ERCOT is an ‘energy-only’ market, though this simple phrase can be misleading. ERCOT model recognizes that for an electricity market to achieve an efficient long-run equilibrium and to achieve associated resource adequacy goals, energy prices must be allowed to rise to very high levels to reflect the value of lost load as capacity constraints begin to bind and the market must ration scarce capacity. To do that, ERCOT introduced an administratively determined operating reserve demand curve (ORDC) and associated protocols to manage generating capacity scarcity with a price mechanism. The ORDC is in turn based on assumptions about the value of lost load, loss of load probabilities and other variables. In ERCOT, energy prices can rise to 9000 $/MWh, the presumptive value of lost load. On the contrary, the other ISOs define capacity needs and use a capacity market to allocate responsibilities for paying for the needed generating capacity or demand response. These markets have price caps in response to concerns about market power in energy and ancillary services supply markets. The price caps are in the range of 1000–2500 $/MWh. The chapter describes nicely how these market design features evolved and how they work today. Texas also has abundant wind and solar resources and wind generation ‘in particular’ grew early and rapidly. The chapter illuminates how ERCOT has managed the influx of intermittent generation, as well as a pragmatic application of central planning combined with competitive tenders to choose and select transmission projects to relieve congestion between the major wind generation region and load regions.

Chapter 9 by Paul Simshauser discusses the Australian market model. The chapter considers the design features of the National Electricity Market (NEM), retail competition, incentive regulation for transmission and distribution, the regulatory framework and adaptations to the rapid expansion of intermittent renewable energy. Unlike the markets that have been discussed so far, the NEM has no organized day- ahead market, though over-the-counter trades can be arranged day ahead and futures contracts can be bought and sold as well. There are no formal capacity obligations and no capacity market. Accordingly, the NEM is a real-time energy-only market with a high price cap (AU$15000/MWh in 2020). The chapter goes on to discuss the challenges to efficiently integrate intermittent renewable energy supplies and, more generally, to align electricity markets with climate change policies. Recent reforms, their strengths and weaknesses are analysed.

Chapter 10 by Chloé Le Coq and Sebastian Schwenen discusses the Nordic power market that comprises
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