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Key Points

he choice to use electricity markets to transition to an ultra-high renewable electricity sector

depends on whether a high level of reliability and efficiency can be achieved. This study presents

a reliability, resiliency and adaptability policy framework for a liberalized power system with a high
share of renewables. This framework provides policy insights regarding electricity market reliability and
the implications of remuneration mechanisms for renewables. Our analysis shows that it is necessary to
reconsider adequacy assessments of liberalized power systems, to enhance the definition of the loss of
load probability, and to explicitly consider the probability that the market clears. Under these conditions,
electricity markets can theoretically achieve reliability and efficiency with large percentages of variable
and intermittent renewable resources with zero or near-zero marginal costs, and market and technical
challenges can be addressed.

A reliability, resiliency and adaptability framework should be adopted for policy analyses.

The definition of the value of the lost load should be expanded to incorporate the costs of consumers
not having electricity.

Policymakers should revise the definition of the loss of load probability metric to include reliability
outcomes for electricity markets.

Many technical options can handle high penetration levels of variable renewables and allow
policymakers to learn over time.

Policymakers should consider that renewable remuneration mechanisms may undercut the reliability,
resiliency and efficiency of wholesale markets.
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1. Introduction

ransitioning from fossil fuels in the energy

sector is paramount for reducing greenhouse

gases, improving air quality and enhancing
energy security. At the same time, it is important
to maintain affordability and accelerate economic
development (Goldthau 2014; Pollitt and Anaya
2016; Schmidt, Schmid, and Sewerin 2019).
However, it is unclear whether an affordable
transition away from fossil fuels that advances
economic development can be achieved (Sorrell
2010). Additionally, many countries have liberalized
or are liberalizing their electricity sectors (Joskow
2006a; Urpelainen and Yang 2019). Although
substantial evidence supports the efficiency benefits
of electricity markets (Fabrizio, Rose, and Wolfram
2007), these findings are tempered and disputed
by other studies (De Vries 2005; Joskow 2006b;
Pollitt 2009). Thus, understanding whether electricity
markets can reliably and cost-effectively transition to
renewables with successful implementation and in
combination with other policies is critical.

Policymakers have political economic objectives that
efficient electricity markets may not support. These
goals may include furthering the democratization

of policy decision-making, reconfiguring political

and economic power, supporting local industries
and shifting investment risk from ratepayers to
developers (Arentsen and Kinneke 1996; Pollitt and
Anaya 2016; Tomain 2015; Welton 2018). The pursuit
of these other objectives may undercut the benefits
of electricity markets (Felder 2011). Moreover,
political opposition may prevent policymakers from
implementing electricity markets that efficiently and
explicitly incorporate environmental externalities via
wholesale prices (Grubb and Newbery 2007).

Some argue that energy transition should be
carried out cost-effectively to garner and maintain
sufficient political support. A cost-effective
transition does not waste resources on ineffective

and expensive measures. These resources can
instead be deployed to meet other pressing
societal needs, such as health care, education and
raising standards of living (Lu et al. 2015). Others
argue that energy transition itself should directly
help accomplish these other, broader objectives
(Welton 2021).

Energy transitions typically start by decarbonizing
the electric power sector. Numerous low-carbon and
non-carbon-emitting alternatives are available, and
electricity is a versatile fuel carrier in transportation,
heating and some industrial processes (Bompard et
al. 2020). Many governments have adopted policies
to implement high percentages of renewable energy,
including goals of 100% renewables and ultra-high
levels of renewables (Barbose et al. 2016; Chapman
and ltaoka 2018; Zappa, Junginger, and van den
Broek 2019). In total, 139 countries have developed
roadmaps to achieving 100% renewables (Jacobson
2017). Kroposki (2017) defines ultra-high levels of
renewables as penetration above 50% on an annual
energy basis and up to 100% on an instantaneous
basis. We utilize this definition in this study.

Some question whether producing electricity using
ultra-high levels of renewable resources should

be the preferred end state of the transition away
from fossil fuels. Other mitigation options include
nuclear power; carbon capture; and recycling, reuse
and sequestration (Pollitt and Anaya 2016). Putting
this question aside, it is still worth asking whether
renewables and electricity markets are inherently
incompatible. If they are incompatible, policymakers
would probably need to cease their liberalization
efforts and re-regulate the electric power sector.

We therefore examine the compatibility of electricity
markets with ultra-high levels of renewables

based on the fundamentals of engineering and
economics that undergird existing markets.
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Although renewables may enhance welfare by
improving environmental outcomes, their ultimate
impact depends on their costs compared with other
technologies and their environmental benefits.

Renewable policies have multiple simultaneous
objectives. In addition to reducing greenhouse gas
and other emissions, they can serve to develop
local nascent renewable energy industries. These
policies can also help in forming political coalitions
of environmental advocates and business groups
and may obscure higher electricity prices from the
broader public (Michaels 2008).' We discuss these
topics in the contexts of the United States (U.S.)
and Europe.

Some have claimed that liberalization and variable
and intermittent renewable energy (VIRE)? that
have nearly zero marginal costs, such as solar
photovoltaic and wind generation, are incompatible
with electricity markets (Blazquez et al. 2018;
Blazquez, Fuentes, and Manzano 2020). Because
VIRE sources are not dispatchable or are extremely
limited in their dispatchability, their output cannot
be controlled to match supply and demand, which
is necessary for ensuring reliability. Furthermore,
according to Blazquez et al. (2018), as a market’s
proportion of renewables grows, wholesale prices
are zero or negative for increasingly many hours.
Thus, even more out-of-market subsidies are
needed to attract the necessary investments to
continue to increase the percentage of renewables.?

Others argue that the problem lies not

in technologies or markets but rather in
out-of-market renewable remuneration mechanisms
(Brown and Reichenberg 2020; Felder 2011). Still
others find that the zero-profit condition is violated
with a combination of highly dispatchable and
non-dispatchable generation (Eisenack and Mier
2019). Finally, some suggest that VIRE penetration
has a ceiling for engineering and economic reasons
(Ahmadyar et al. 2017; Denholm and Margolis 2007).
Thus, VIRE electricity markets are being challenged
both on reliability and efficiency grounds. This article
therefore examines the reliability and efficiency of
these markets.

The remainder of this paper proceeds as follows.
Section 2 proposes a reliability—resiliency—
adaptability framework that fits with the challenges
of high-VIRE systems. It explicitly introduces
electricity markets (and the volume cleared in
these markets) as part of the broader optimization
problem. Section 3 analyzes the main technical
and market challenges associated with high VIRE
in liberalized power systems. It also outlines
practical examples from the U.S. and Europe.

We find that although high-VIRE systems have
technical challenges, these challenges can be likely
addressed by a combination of strategies. Finally,
Section 4 concludes with policy recommendations.
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2. Reliability, Resiliency and Adaptability
of Liberalized Power Systems

This section discusses the reliability, resiliency, and
adaptability (RRA) lexicon and then presents the
RRA framework in more detail.

2.1 Reliability and resiliency
lexicon and the need for
adaptability

Reliable power systems consist of security (the
dynamic response of the system to changes) and
adequacy (the static existence of sufficient facilities
to meet demand) (Billinton and Allan 2003; Zappa,
Junginger, and van den Broek 2019).* The value

of electricity, referred to as the value of lost load
(VOLL), is very high for many electricity consumers
(Ovaere et al. 2019). Thus, an efficient power system
with markets must balance supply and demand very
reliably.

The terms “reliability” and “resiliency” have multiple
competing definitions in the context of electric power
systems (Billinton and Allan 1984; Kahnamouei,
Bolandi, and Haghifam 2017; Phillips 2019; Plotnek
and Slay 2021; Zappa, Junginger, and van den
Broek 2019). One definition of reliability is a power
system’s ability to deliver electricity to consumers

in the desired amounts (Zappa, Junginger, and van
den Broek 2019). Reliability can be measured by the
frequency, magnitude and duration of power outages
(Hall, Ringlee, and Wood 1968).

The definition of resiliency has changed
substantially over time (Plotnek and Slay 2021). To
avoid overlap with the definition of reliability, we
consider resiliency as the response to a disruptive
event (Phillips 2019). In other words, it refers to

the grid’s ability to recover from an uncontrolled or
cascading blackout or rolling blackouts. Resiliency
is therefore measured as the time it takes to reduce

the magnitude of power outages and return the
system to normal operations. Although resiliency
describes the experience after an outage, resiliency
policies are, of course, set prior to outages.

We introduce the following reliability and resiliency
variables:

F : the frequency of power outages in year y;

U, the average duration of power outages in year y,
expressed in hours;

S : the average magnitude of power outages in year
¥, expressed in megawatts.

Finally, power outages in year y are defined by these
three variables. The total shortage of electricity
volume from the grid in year y is calculated as
FUS,.

We propose adding adaptability to the reliability
and resiliency lexicon. Adaptability can account
for actions that can mitigate the human and
economic costs of outages as they occur, which
can be substantial. One such action is rotating
power outages so that the available power is
spread broadly. Others include opening shelters

to provide heat, cooling and other public safety
functions and making back-up power supplies
available. We use 4 to denote the adaptability
level in year y. We éxplicitly introduce the relation
between the socioeconomic cost of power outages
(I) ) and adaptability efforts (Ay). Finally, we extend
the classical reliability—resiliency paradigm by
suggesting that power systems should be analyzed
within the RRA framework.

The RRA of a power system with markets also
substantially depends on assets invested in or
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operated by non-market participants. In other words,
it depends on economically regulated transmission
and distribution companies and the system operator.®
These assets are critical to a power system’s
performance. In addition, adaptability depends on
broader policies than those related to the power
sector and other critical infrastructure. Furthermore,
there are important physical, market and regulatory
dynamics between these components that affect
RRA, as we discuss below. For these reasons,
markets alone cannot ensure an efficient level

of RRA.

The RRA of a power system can be decomposed
into sequences of events that lead to power
outages.® Such a sequence has an initiating event,
such as the failure of a generation unit or extremely
cold weather. This event may then lead to other
equipment failures or changes in system conditions,
such as a load amount that cannot be entirely
served. The sequence ends in one of three mutually
exclusive power system states:

1. All firm load is provided electricity.

2. Some firm load is provided electricity, and other
firm load is disconnected in a controlled manner
to balance supply and demand (i.e., a rolling
blackout).

3. Firm load is disconnected in an uncontrolled
manner (i.e., a blackout).”

At their core, RRA calculations identify, characterize
and aggregate these sequences to quantify their
impacts on the frequency, magnitude, duration of
power outages, and their associated socioeconomic
costs (which depend on the adaptability level).

The combination of these sequences determines the
grid’s reliability. Multiple analytical frameworks for
reliability can be used to perform these calculations,

and one that has been applied to power systems is
probabilistic risk assessment (Felder 2001).

The many sequences that lead to power outages
can be grouped into two categories based on
whether their initiating events are independent or
dependent failures (Felder 2001).2 Independent
failures are more common than dependent ones but
have smaller impacts on a power system’s reliability.
Dependent failures include severe weather, fuel
delivery system failure, a failure of the monitoring
and controlling system and malicious actions.
Because power systems are highly reliable by
design, multiple component failures are typically
needed for a power outage to occur.

A complete RRA analytical framework for a power
system within a market includes six steps. First, it
identifies and traces all of the sequences that may
result in power outages above a certain probability
level owing to independent or dependent failures.
Second, it considers both market and non-market
failures. Third, it evaluates the market’s ability to
clear supply and demand in probabilistic terms. In
other words, it does not assume that the market
performs this function perfectly reliably. A pricing
mechanism is helpful in this regard by providing
incentives for increasing supply and decreasing
demand. Fourth, the probability of each event in the
outage sequence is estimated based on data. Fifth,
the costs and benefits of changing the probabilities
of outage sequences across the entire electricity
supply chain are assessed. Sixth, the framework
provides input into the evaluation of RRA policies
so that tradeoffs can be made among the three
measures, including accounting for uncertainty.

The frequency, magnitude and duration of blackouts
are associated with both economic and social costs
(Matthewman and Byrd 2014). The economic cost,
the VOLL, is not simply dollars per megawatthour
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2. Reliability, Resiliency and Adaptability of Liberalized Power Systems

(MWh) but is a function of all three variables. It

can be reduced through adaptability. Additionally,
blackouts incur social costs, such as lost human
lives, that may be quantified in dollar terms but may
be more appropriate to track separately to avoid
reducing them to a mere dollar figure. Moreover, the
VOLL varies by customer type, whether customers
are notified, the time between a notification and an
outage, and outage length (Joskow 2006c; Ovaere
et al. 2019). Thus, the VOLL (denoted Iy_) can be
considered a tensor whose numerical value varies
along multiple dimensions:

I = function (F,, U, S, A). (1)

Finally, the variable and intermittent nature of
renewable energy increases the need for a clear
RRA framework.

2.2 RRA framework for
liberalized power systems
with high VIRE

The performance of liberalized power systems
with high or ultra-high VIRE depends on technical
and market challenges, including the market
clearing mechanism’s reliability. It also depends
on transmission and distribution (which are
economically regulated and not market based),
markets (including missing or incomplete markets)
beyond the electric power system, such as fuel
delivery, and resiliency and adaptability policies
made by policymakers.

We propose an original formalization of this
framework based on welfare maximization with
respect to RRA variables. Our mathematical
framework therefore defines the optimal RRA levels
as the starting point for policies. In contrast, the
standard framework considers physical variables
(i.e., capacity and energy)® and takes the loss of

load probability (LOLP) as an input. Our approach
maximizes the total welfare from the electricity
sector. This welfare is estimated as the social
benefit of electricity consumption less the social
cost of outages and the total cost of generating and
transporting electricity.

The social benefit of electricity consumption
consists of two components. The first is the utility
(V) of consuming electricity from the grid. This utility
is adjusted by the market’s ability to clear and the
availability of physical assets. The second is the
utility () of consuming self-generated electricity in
the case of a shortage of electricity from the grid.
This latter component relates to the power system’s
adaptability. Quantifying the utility of electricity
consumption is key to solving the RRA framework.
This utility may vary among consumers and by the
origin of the electricity (i.e., from the grid or
self-produced). The additional social costs of
blackouts are costs that are not reflected in the
benefits of consuming electricity, which partly
depend on adaptability policies.

The objective function of the RRA framework is
also constrained by the physics of power systems.
It must balance the demand and supply (constraint
2b) and respect the physical laws of the network
(constraint 3d). Unserved energy, denoted as
ENS, , may be due to price rationing (i.e., the
market does not clear) or non-price rationing. The
effect of market clearing is explicitly introduced in
constraint 2c. We distinguish between the volume of
electricity resulting from the market clearing (n;‘{{y)
and the volume resulting from the system operator’s
out-of-market actions (5 ).

In addition to considering the time dimension
(years y €Y), the problem should be solved
by considering numerous relevant operational
scenarios in each year y. Each scenario should
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embed not only weather assumptions but also

a combination of critical events in the grid or
generation units. This concept is known as “critical
network element and contingency” in the European
lexicon, as defined by ENTSOE (2018). Operational
and planning policies can then be derived from

Sets
y Years.
H Hours.
Indexes
h Hour in H.
y Year in Y.

RRA Variables

the optimal solution F,U,S, A4 toease practical
implementation. In practice, these policies then
affect investments in infrastructure and the
associated capital, maintenance and operational
costs. They may also impose constraints on
operations, such as operating reserve requirements.

F, Frequency of power outages in year y.
U, Duration of power outages in year y.
S, Size of power outages in year y.
A, Adaptability level in year y.
Parameters
D,,(p) Electricity demand function in hour h of year y.
a Discount rate.

Function specifications
Physical functions

ENS,,

SGE, ,(A,,ENS,,)

Generation capacities in year y

Transmission infrastructures in year y

Distribution infrastructures in year y

Fuel infrastructures in year y

Adaptability infrastructures in year y (e.g., back-up genera-
tor)

Electricity generation from the power system in hour & of
yeary

Volume of energy not served by the grid in hour h of year y
Volume of self-generated electricity in hour & of year y
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2. Reliability, Resiliency and Adaptability of Liberalized Power Systems

Cost and Value Functions

y
=G,+T,+B,+F,+0,+E,
I,(F,.U,S,A)

y Ty ey

V
w

Other functions

M
Hh.y

R
Hh.y

Optimization problem

Generation cost in year y

Transmission cost in year y

Distribution cost in year y

Cost of pollution externalities in year y

Cost of the fuel infrastructures in year y

Adaptation cost (increases with A) in year y

Total costin year y

Socioeconomic impact cost of power outages, Societal VOLL.
(decreases with A)

Utility of consuming electricity from the grid

Utility of consuming electricity that has been self-produced

Quantity of electricity cleared in the market in hour A of
yeary

Additional quantity of electricity produced thanks to sys-
tem operator’s actions in hour h of year y.

Jmax > < Y V(D,, - ENS,,)+ Y W(SGE,,) - I(A)F,U,S, - C(F,U,, Sy,Ay)>(l +a)” (2a)

yeY N\ heH

subject to

Dh’y = Hh,y(F’ U,sS, A) + ENSh,y _

_mM R
I, = Hh’y + Hh’y

network and generation constraints

heH

network losses Yhe H,Vyey (2b)
VheH,Vye Y (20)
YVhe H,Vye) (2d)

By analyzing this model, we obtain the following
results. First, the first-order conditions show that
the marginal benefit of investing an additional dollar
in reliability, resiliency or adaptability is the same

at the optimum. This result is subject to a binding
constraint. Second, this same result applies to
incremental improvements in specific infrastructure
categories (e.g., generation, transmission or

distribution, as well as the market clearing
mechanism, operational restrictions and other policy
choices. Third, the market mechanism is just one
way to ensure the reliability of the system. Finally,
the reliability effects of ultra-high VIRE (or any
investment decisions) involve complex interactions
with other decision variables, benefits of consuming
electricity, costs, and policy decisions.
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3. Technical and Market Challenges in
Liberalized Power Systems With High VIRE

lectricity markets constitute a key element

of the reliability, resiliency, and adaptability

optimization framework of power systems
(see section 2), and renewables may bring new
challenges to the functioning of electricity markets.
This section discusses the technical and market
challenges associated with high VIRE in liberalized
power systems based upon practical examples
from the U.S. and European power systems.
These challenges are directly related to the RRA
framework described in the previous section.
Subsection 3.1 reviews technical solutions that
allow power systems with high or ultra-high VIRE to
operate in practice. Then, subsection 3.2 shows that
liberalized wholesale electricity markets can handle
VIRE with zero or near-zero variable costs.

3.1 Technical feasibility of
high-VIRE power systems

VIRE sources introduce technical challenges

in balancing supply with demand because their
output is non-dispatchable and intermittent (Heard
et al. 2017). In the RRA framework (see section

2), operational policies handle balancing issues

by implementing appropriate rules such that the
technical requirements to balance the system are
met. However, this process can be carried out only
if technical solutions to balance supply with demand
exist in high-VIRE power systems. We discuss such
solutions in this subsection.

Importantly, some renewable energy resources,
such as hydroelectric facilities, biomass, biofuel,
geothermal and concentrating solar power, are
dispatchable. In many cases, however, their
availability depends on local conditions (Tran and
Smith 2017; Zappa, Junginger, and van den Broek
2019). In addition, new energy storage technologies

that can supply energy from milliseconds to hours
are decreasing in cost and providing multiple
services (Elshurafa 2020). Thus, the development

of 100% renewable energy systems does not
necessarily require 100% VIRE or even ultra-high
VIRE. This point is sometimes lost when the qualifier
“variable” is omitted from the discussion.

Many non-mutually exclusive solutions to address
these features of VIRE are available. They

include geographic diversity in VIRE; improved
VIRE forecasting; energy storage, including
electric vehicles; VIRE curtailment and active
control; electrical load control; and transmission
enhancements. Others are synchronous
condensers, enhancing joint operations with
neighboring power systems, districting heating and
cooling, heat pumps and smart meters. Information
and communication technology solutions and
improved market designs are also available (Brown
et al. 2018; Kroposki 2017; Paiho et al. 2018;
Papaefthymiou and Dragoon 2016).

Currently, empirical evidence on the reliability of
ultra-high or 100% VIRE grids is based on small
islands given that large-scale grids are only at

the starting phase of this transition (Heard et al.
2017), and the transition will take time. Moreover,
creating a 100% or ultra-high renewable power
system is not a one-time decision. Instead, it is a
series of continual decisions made from a starting
point of a relatively low percentage of renewables.
Even under aggressive policies, this percentage
would likely change slowly over several decades.
Thus, policymakers can develop multiple strategies
over the long term to learn from the experience
accumulated during this transition. They can then
adjust their policies accordingly (Anandarajah

et al. 2009). Their goals may be reconsidered

if, as renewable penetration increases, costs
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3. Technical and Market Challenges in Liberalized Power Systems With High VIRE

unexpectedly rise or reliability problems emerge.
Thus, policymakers have a credible exit strategy
from pursuing an ultra-high or 100% renewable
grid. The option to delay or stop the transition if
necessary should be kept available.

For these reasons, some analysts find that the
transition to ultra-high or 100% VIRE is potentially
feasible, although perhaps costly, if pursued in
conjunction with research and development,
institutional changes and relevant policies
(Papaefthymiou and Dragoon 2016; Zappa,
Junginger, and van den Broek 2019). That being
said, it is important not to minimize the difficulty or
even assume the possibility of this transition (Abbott
and Cohen 2019; Heard et al. 2017).

In summary, although VIRE does create challenges
for reliability, many renewable energy resources
and low-carbon or non-carbon-emitting resources
are not intermittent. Many non-mutually exclusive
strategies can address variability and intermittency.
Policies can be adopted with attenuating costs,
including phasing in VIRE, to help evaluate and
respond to any associated reliability challenges.

3.2 Wholesale electricity
markets with high VIRE

When combined with other policies, wholesale
electricity markets can be a means of improving
the power sector’s efficiency while maintaining
reliability (Hogan 2014). Properly designed
wholesale markets must account for electricity’s
unique physical properties (Felder 2020).1° A
wholesale electricity market must balance supply
and demand instantaneously within narrow limits to
avoid power outages." This property is particularly
relevant to whether VIRE is incompatible with
electricity markets. Supply has to equal demand to
prevent cascading outages. Supply and demand

can be balanced either through a market clearing
mechanism or by disconnecting electrical load (i.e.,
implementing rolling blackouts) following a non-price
rationing scheme.

This property is unique to the electricity market.

In other markets, if a supply shortage occurs, only
incremental consumers cannot purchase the desired
good or service (Jaffe and Felder 1996). Although
both excess supply and excess demand cause
reliability concerns, excess demand is the more
practical concern. Excess supply can be addressed
by turning off running generation and lowering prices
to increase demand.'

In this section, we analyze the functioning of
wholesale electricity markets with high VIRE across
different key axes. First, we consider the reliability
of a wholesale market’s price-clearing mechanism
(subsection 3.2.1). Then, we investigate the pricing
mechanism with zero or near-zero variable costs
(subsection 3.2.2). Finally, we examine the issues
introduced by additional mechanisms for adequacy
and VIRE developments (subsection 3.2.3).

3.2.1 Market clearing

Markets, including that for electricity, do not always
clear (Jaffe and Felder 1996; Joskow 2006c). The
electricity market clearing mechanism consists

of collecting and providing information; economic
incentives, including payment likelihood; and
algorithms implemented via software to calculate
associated prices. Although this mechanism is
not physical, it can be analyzed from a reliability
perspective as if it were. Our analysis assumes
that sufficient balancing services are available to
successfully transition the power system from a
shortage to equilibrated supply and demand. In
other words, we assume that the power system
can reliably transition from one state to another.”

Renewables, Reliability and Efficiency in Electricity Markets 12



In the subsequent section, we evaluate whether the
resulting price is efficient.

In liberalized U.S. electricity markets, regional
transmission operators (RTOs) have access to
wholesale loads’ bids and generators’ offers. These
markets include both a day-ahead market and a
real-time market. The day-ahead market clears

every hour based on day-ahead bids and offers. The
real-time market clears every five minutes based on
physical demand, offers, generation, transmission
and reliability constraints. In the real-time market,

the load is a price taker and cannot be physically
prevented from consuming electricity. This constraint
may be modified with technology and associated
policies. The system operator can run an intra-day
unit commitment in response to major changes

in the system that depart from the day-ahead unit
commitment’s assumptions. Note that real-time prices
are posted after the fact (Zheng et al. 2010). Thus,
the load does not know the real-time price at the time
of purchase, which is also the time of consumption.'*

In Europe, transmission system operators (TSOs) and
power exchanges (PXs) are distinct entities. Unlike in
the U.S., European TSOs do not have direct access
to wholesale market bids, and they only operate the
balancing market. They provide network parameters
to PXs to be considered in the zonal market clearing
in step 1 of Table 1. These parameters are either the
available transfer capacities between countries or the
power transfer distribution factors matrix when the
flow-based method is used. The European wholesale
day-ahead market clears only once for the 24-hourly
products in a given day, with an implicit network
capacity allocation. TSOs can modify generators’
dispatch programs if network congestion occurs, but
the re-dispatching volume has been relatively limited
in most European countries.” The intraday markets
are a combination of continuous and auction trading
and end at least 15 minutes before the products are
due for delivery.

Whether sequences of events that result in demand
exceeding supply can be prevented from resulting
in a blackout depends on several factors. These
factors are the frequency, magnitude and duration
of the shortfall and the probability that market
mechanisms can resolve the shortfall via prices
(step 1 of Table 1). The latter depends on whether
the market mechanism works, particularly if binding
price caps to limit the exercise of market power or
price gouging exist. It also depends on whether
sufficient political will exists to enforce very high
prices. Finally, it can depend on whether the
problem is so severe that it is no longer socially
acceptable to use markets to resolve it.

For the real-time market to clear, price
responsiveness must be sufficient given the level
of supply. The load must respond, that is, it must
decrease its consumption sufficiently in terms

of the amount, time and location. The load must
also be liable to pay potentially very high prices,
which requires a highly reliable credit policy and
non-intervention by the political process (Joskow
2006¢)."®

Furthermore, these market descriptions assume
that the prior submission of bids reflects actual
welfare preferences in real time (Leslie et al. 2020),
which may not hold, particularly when the power
system’s reliability is threatened. Due to the physical
property mentioned previously, system operators
may prematurely intervene in the market to ensure
that this assumption holds. This action may reduce
prices, thereby undercutting the pricing mechanism
to preserve reliability (Joskow 2006¢; Mays 2021).
Table 1 summarizes the sequence of events that
must occur for the market clearing mechanism to
operate properly.

Renewables, Reliability and Efficiency in Electricity Markets

13



3. Technical and Market Challenges in Liberalized Power Systems With High VIRE

Table 1. Sequence of events that must occur for the market clearing mechanism to work.

1. The market clearing mechanism correctly calculates the necessary price to clear the market based upon inputs from

generators, load and the system operator.

2. The necessary balancing services to transition from the current state to the market clearing state are available.

3. The system operator does not prematurely implement rolling blackouts before the market clearing mechanism responds.

4. The load knows the real-time price that it will pay, either by being informed ahead of time or by accurately determining

the price.

5. The load serving entities that pay the real-time price are required to do so (i.e., they have posted sufficient credit).

6. The payment of (presumably very high) real-time prices is enforced by the political process.

Source: Authors.

It is analytically difficult to estimate the probability
that the sequence in Table 1 occurs. The challenge
with taking an empirical approach is that large
supply shortfalls do not occur frequently enough

to make accurate estimates. Likewise, it is difficult
to estimate the probability that any individual step
occurs. Methods to test whether a step will occur
and assess its probability of occurring have not
been developed.

Figure 1 presents the different situations that may
occur during market clearing. We assume that
situations 1 to 4 are mutually exclusive. P, denotes
the probability that situation i (i € {1;2; 3;4}) occurs.
In each situation, Pm,1 is the probability that the
market does not clear. Situation 1 corresponds to

the classical situation in which demand and supply
intersect and the market always clears. Thus, P 1
is zero. In situation 2, the market clears, but a rule
is required to define the price, as the price levels for
demand and supply are different. In situations 3 and
4, no market clearing solution exists. In situation 3,
demand exceeds supply in the market. In situation
4, the prices in the demand and supply offers are
mismatched. Thus, Pz 3 and Pg 4 are equal to one.
Situations 3 and 4 correspond to the non-price
rationing of electricity demand via a rolling blackout.
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Figure 1. The four mutually exclusive market situations.

quantity

»

situation 1 situation 2
price o price
quantity
Classical situation Demand and supply match at
different price levels.

* The market clears. * The market clears.

situation 3 situation 4
price o price
quantity

Demand exceeds supply in
the market.

* No market clearing
solution.

* Non-price rationing
(rolling blackout).

Source: Authors.

quantity
Enough supply but mismatch
in prices.

* No market clearing
solution.

+ Non-price rationing
(rolling blackout).
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3. Technical and Market Challenges in Liberalized Power Systems With High VIRE

3.2.2 Efficient pricing with
zero or near-zero marginal
costs

Whereas the previous subsection discussed

the market clearing mechanism in the context

of reliability, this section does so in the context

of efficient prices. A fundamental assumption is
that the loads whose electricity is most valued by
society are also willing and able to pay extremely
high electricity prices during supply shortages. This
assumption may not hold because equity concerns
may override allocative efficiency if electricity is
considered a merit good (Dilnot and Helm 1987)."”

Economic literature of peak load pricing finds that
prices rise so that markets clear and suppliers cover
their costs exactly. This finding also holds in some
cases of stochastic demand and supply (Boiteux
1949, 1960; Crew, Fernando, and Kleindorfer 1995).
Many studies reach similar findings regarding the
application to electricity markets (Joskow [2006c]
and the references therein).

Under some simplifications, the optimal generation
mix can be inferred using the classical screening
curves method (Green 2005). This method can
ensure a specified LOLP and cost recovery for all
generation units. In efficient wholesale electricity
markets, the optimal generation mix (baseload,
intermediate and peaking) is installed. For a few
hours a year, the supply curve does not intersect
the demand curve. In that case, the price rises to
the VOLL, per Equation (3) (Creti and Fontini 2019;
Léautier 2019).

hRC
LOLP* =

=— 1
VOLL — ¢ M

The hourly rental cost of capacity (hRC) and the
VOLL are in units of tens of thousands of dollars per
MWh. The marginal cost of the marginal generator,

¢, is in units of dollars per MWh. Thus, the value of
c is practically irrelevant in determining LOLP*. As
per Equation (3), the optimal LOLP* changes if the
VOLL based on consumers’ preferences varies. It
also changes if the peaking technology, to which
hRC and c refer, changes.

As Equation (3) shows, low- or zero-marginal-

cost resources do not materially affect LOLP*.
Furthermore, energy sources with low marginal
costs compared to total costs are not new to
wholesale electricity markets (Joskow 2006¢; Leslie
et al. 2020; U.S. EIA 2021). Hydroelectric and
nuclear power plants are examples of such sources.
Additionally, the intermittent nature of technologies
does not impact the optimal LOLP* as defined in
Equation (3) if the peaking technology remains

the same. In this case, VIRE may only affect the
volume of electricity that is not served by changing
the shape of the residual load curve. However,

the optimal LOLP* is different for a 100% VIRE
system with no thermal peaking units. In this case, it
depends on the power system’s characteristics (e.g.,
storage assets and smart home technologies for
controlling electricity uses). This formula also works
if wholesale prices are negative.'

The LOLP is not a probability measure of the loss of
load. Instead, it measures the probability of demand
exceeding supply. The actual effect of demand
exceeding supply depends on several factors. Thus,
the standard LOLP formula (Equation [3]) should

be revisited in the context of electricity markets and
adaptability. First, the classical approach focuses
on demand exceeding supply but does not explicitly
consider the market clearing mechanism. Thus,

it should be extended to consider the probability

of the market not clearing when rolling blackouts
are necessary. Second, when demand exceeds
supply, consumers may use their own adaptability
equipment (e.g., self-generators or home insulation)
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to reduce the effects of the situation.

In practical terms, we consider the four mutually
exclusive situations shown in Figure 1. The
probability of a reliable situation (denoted P)
corresponds to Equation (4). P, denotes the
probability that a pure blackout occurs in situation
i. P, is the probability of non-price rationing and

a rolling blackout in situation i. In this context,
Equation (3) reflects the situation with no blackouts
owing to a lack of physical capacities and no rolling
blackouts owing to non-price rationing.

4
Pzzpi(l_PR,i)(l_PB,i) )
i=1

As we explain in subsection 2.3.1, rolling blackouts
are required in situations 3 and 4 because no
market clearing solution (i.e., non-price rationing)
exists. Thus, P, ;and P, , equal one. In situations 1
and 2, the market clears (P, , =0 and P, , = 0), but
a blackout can still occur due to real-time technical
issues. Finally, Equation (4) becomes:

P=P1(1—PB’1)+P2(1—PB‘2) (5)

Equation (5) shows that reliability depends on both
the probability of a blackout and the probability of
situations 1 and 2 occurring. The classical analysis
does not consider this term.

Even without storage, which can mitigate near-zero
or zero prices, the presence of elastic demand
raises prices above low levels (Leslie et al. 2020).
Thus, with a sufficiently sloping demand curve,
wholesale prices can efficiently balance supply and
demand. Then, at the optimal level of generation
investment, total costs can be recovered. This
outcome holds even if the marginal unit’s marginal
cost is below its total cost.” Thus, efficiency
depends on the probability that the market clearing

mechanism is successful and the level of the VOLL.

The VOLL is set via a regulatory process and, thus,
is determined for practical purposes months, if not
years, before an actual shortage situation. Thus, it
may be set too high or too low rather than optimally.
If it is too low, then some electricity demand will be
unserved, incurring an associated economic loss.

If it is too high, then prices set using the VOLL will
be too high, although the frequency and duration

of such situations would be lower than if the VOLL
were set below the true VOLL.

Finally, market inefficiency is not due to the
zero-marginal cost or the intermittency of
renewables but could arise because of unexpected
interactions between efficient market pricing

and out-of-market mechanisms (Felder 2011).
When the energy price falls to zero, economically
VIRE generators with almost zero variable cost

are indifferent between being dispatched or not.
However, out-of-market mechanisms that provide
additional remuneration based on the volume of
electricity effectively injected to the grid introduce
distortions and competition among generators to be
dispatched even when zero or negative prices arise.

3.2.3 Capacity requirements
and market-based renewable
remuneration methods

Capacity requirements and other specific
mechanisms to foster VIRE development are
widespread in the U.S. and Europe. These
mechanisms may take various forms (see Figure
2). They can be categorized as quantity or price
based and centralized or decentralized. Capacity
mechanisms can be classified as targeted or
capacity-wide mechanisms. Support mechanisms
can be classified as technology-neutral or
technology-specific mechanisms.
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3. Technical and Market Challenges in Liberalized Power Systems With High VIRE

Figure 2. Overview of adjustments or additional mechanisms in liberalized power systems.
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Source: Petitet et al. (2021).

In the U.S., capacity requirements are used to
achieve prescribed resource adequacy levels in
wholesale electricity markets (Jaffe and Felder
1996). Load-serving entities are required to
purchase sufficient capacity to cover their peak
loads during system peaks plus a stipulated reserve
margin calculated to achieve a desired LOLP.

Renewable portfolio standards (RPS) are analogous
to capacity markets in that a minimum quantity of
renewables is required based on the retail load.
This requirement can be satisfied via a market
mechanism of buying and selling renewable energy

credits. In RTO markets, RPS are set by states,
whereas the federal government regulates capacity
markets. A forward clean energy market (FCEM)
consolidates RPS from multiple jurisdictions into

a single market, which may be under federal
jurisdiction.?® RPS and the FCEM are separate from
capacity markets. In contrast, an integrated clean
capacity market (ICCM) is designed to combine

a wholesale market’s capacity remuneration
mechanism with a market-like renewables mandate
(Spees et al. 2021). Collectively, these approaches
are referred to as market-based renewable market
standards.

Renewables, Reliability and Efficiency in Electricity Markets

18




The EU Emission Trading System introduced in
2005 has not triggered sufficient investments in
VIRE in Europe (Brohé and Burniaux 2015; Léfgren
et al. 2014). Renewables targets for European
countries were introduced in Directive 2009/28

EC. To foster more investments in renewable
technologies and reach these targets, most
European countries implemented feed-in tariffs

or other support schemes. However, because of
the European Commission’s state aids guidelines
issued in 2014 (European Commission 2014),
European countries have progressively switched to
feed-in premiums (Boasson 2021). Although feed-in
premiums are focused on the investment side, most
European countries have implemented ‘guarantees
of origin” mechanisms to allow suppliers to propose
green electricity to end consumers. Unlike in

the U.S., however, RPS have never become the
prevailing mechanism in Europe.

Abstracting from the differences among these
VIRE mechanisms, we can draw the following
conclusions related to reliability and efficiency.
First, these renewable mechanisms do not specify
the necessary balancing services to achieve the
reliability requirements of a bulk power system.
Transitioning the power system from one reliable
state to the next requires balancing services,
given that demand and supply can change
across timesteps of fractions of a second to days.
If the VIRE mechanisms did include flexibility
requirements, they could conceivably provide the
needed services.?'

However, VIRE may require a more expansive set of
balancing services than the current set of ancillary
services (Karbouj et al. 2019).22 The mechanical
inertia of rotating turbines provides stability to the
power system through the generation of electricity
(Johnson, Rhodes, and Webber 2020; Karbou;j et

al. 2019). With large amounts of VIRE, the ramping

capabilities of traditional operating reserves (i.e.,
ten-minute spinning, ten-minute non-spinning and
thirty-minute reserves) may need to increase.
Additional types of reserves, such as reserve
resources that are available across longer times,
may be needed (EU-SysFlex 2018). Future flexibility
needs will depend not only on VIRE penetration

but also on renewable technologies and the spatial
characteristics of power systems (Koltsaklis,
Dagoumas, and Panapakidis 2017). Coordination
between wholesale reserve markets may be a
solution for enhancing efficiency in power systems
with high VIRE shares (Van den Bergh and Delarue
2020).

In the U.S., mandates on renewables may increase
or decrease social welfare. Furthermore, they

are unlikely to be socially optimal from a welfare
perspective. The RPS and the FCEMs administered
by states sever the link between investments in
renewables and wholesale prices. Under these
mechanisms, levels of renewable investments are
set politically and not by wholesale market prices.
The out-of-wholesale-market payment mechanism
for renewables, as is the case in RPS, is designed
to set the revenue per MWh of an applicable
renewable resource to cover any revenue shortfalls
that occur from the wholesale market.??

The RPS and state-administered FCEMs make
capacity investment decisions for the applicable
renewable resources an open (political) loop. In
contrast, other generation resources depend on
revenues from wholesale markets to recoup their
total costs. These mechanisms also shift some of
the investment risk to ratepayers from developers.
With the ICCM, the renewable requirements are
set by the federal regulator and are integrated
with resource adequacy requirements. Given
those requirements, capacity, energy and ancillary
services’ revenues are (theoretically) internally
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3. Technical and Market Challenges in Liberalized Power Systems With High VIRE
. ________________________________________________________________________________________________________|

consistent. Thus, whether high or ultra-high VIRE European context. Indeed, feed-in premiums and
electricity markets are efficient depends on how political VIRE goals lead to renewables development
renewables are renumerated and not on their that is unlikely to deliver the optimal VIRE share

variability, intermittency or near-zero marginal costs.  or the optimal social welfare. Furthermore, the

detailed rules of feed-in premiums are key to the
This discussion regarding non-optimal social welfare  successful or unsuccessful integration of VIRE in
and open-loop VIRE deployment also applies to the  power systems.
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4. Conclusions and Policy Implications

arkets with ultra-high or 100% renewables
can be both reliable and efficient if an
integrated approach of RRA analysis and
market mechanisms is used. This paper provides
a conceptual framework for wholesale electricity
markets as a policy option to implementing ultra-high
renewable energy. This framework should therefore
be adopted for policy analysis.

Several key policy implications can be drawn from
this analysis. First, the reliability and resiliency

of electricity markets cannot be analyzed in
isolation. Instead, they must be considered in

the complete context of the entire power system
supply chain and adaptability policies outside the
sector. Policymakers should integrate reliability,
resiliency, and adaptability policies by starting with
an integrated analytical framework, such as that
proposed in this paper.

Second, the frequency, magnitude and duration of
outages are the fundamental pieces of reliability
and resiliency policy analysis. These three
characteristics are needed to appropriately describe
the VOLL. Thus, the VOLL may not be interpreted
as a simple number but as the result of, at least,
these attributes (tensor). The VOLL may not capture
some additional costs to society that should be
considered and incorporated into policies. Thus,
policymakers should revisit the definition of the
VOLL in their analyses and proposals.

Third, the classical LOLP is a useful but incomplete
measure of the reliability of wholesale electricity
markets. Policymakers evaluating the role of
electricity markets in achieving their goals should
further distinguish between the different situations
currently aggregated within the LOLP metric.
Electricity markets should be subject to reliability
analyses so that efficient, effective policies can
improve their performance in avoiding rolling and
cascading blackouts.

Fourth, many technical options are available to
achieve the goal of ultra-high levels of renewables.
Markets can be modified to achieve this renewable
energy policy goal, and in-market mechanisms

are preferred to out-of-market mechanisms.
Policymakers can learn over time to craft policies
that cost-effectively and efficiently provide sufficient
balancing resources to increase VIRE levels. This
approach may be more effective than committing
to specific VIRE mandates without the benefit of
learning from experience.

Fifth, the reliability and efficiency of electricity
markets with high or ultra-high VIRE levels depend
on how renewables are renumerated. Policymakers
should consider the reliability and efficiency
implications of funding VIRE outside of wholesale
electricity markets and without providing incentives
for VIRE to provide the balancing services and
flexibility that will be increasingly required as their
penetration levels rise.

Renewables, Reliability and Efficiency in Electricity Markets 21



Endnotes

T A state energy regulator told one of the authors that a particular renewable funding mechanism was adopted to
hide electricity bills’ costs from end users.

2 Wind and solar both have variable energy outputs. Their output may change in predictable ways, as when the
sun rises and sets, and in unpredictable ways (intermittent), as when local cloud cover changes. Thus, they should
be characterized as variable and intermittent. They are also referred to as non-synchronous renewable energy
resources (Johnson, Rhodes, and Webber 2020) and variable renewable energy resources (Zappa, Junginger, and
van den Broek 2019).

8 They find that this result only applies to liberalized markets and not to centrally planned systems. Moreover, this
situation may not hold for renewables that are not variable or do not have zero marginal costs.

4 Many interchangeable terms refer to generation adequacy, including “supply security,” “reliability,” “resource
adequacy” and “supply diversity” (Joskow 2006c).

® The system operator may be a regional transmission operator and an independent system operator or a
transmission system operator.

8 One such decomposition considers every possible state of every possible component in the power system. This
decomposition encompasses all possible mutually exclusive states.

7 Blackouts are unplanned disruptions of electricity service to multiple customers that last more than five minutes
(Hines, Apt, and Talukdar 2009). Uncontrolled or cascading blackouts occur when the power system operator has
lost control of the grid. In this situation, generation and transmission facilities automatically disconnect from the
grid to protect personnel and equipment so that it is available to restore power at the appropriate time. Rolling
blackouts are controlled interruptions of power to loads. In short, rolling and uncontrolled blackouts implement
non-price rationing (Joskow 2006c), which is less efficient than price-based approaches (De Nooij, Lieshout, and
Koopmans 2009).

8 “The term common cause failure is related to failure event whose occurrence implicates failures of two or multiple
components, occurring simultaneously or nearly so, and which are a direct consequence of a shared cause”
(Kan&ev and Cepin 2011, 1).

9 This problem can be translated into an equivalent problem with physical variables: generation, transmission, the
distribution and fuel infrastructures and the adaptability level.

® The term “free market” is vague and carries numerous connotations. Here, the term “designed market” is used
to mean a government policy creating a market that would not otherwise exist. This concept contrasts with most
markets, which are developed informally or formally through non-government efforts.

" In addition, the loop flow must be efficiently priced in electricity markets. Electricity on a meshed network moves
along multiple paths and affects the flows on all other paths. Thus, a mechanism is needed to account for positive
and negative externalities so that the transmission network may be cost-effectively utilized without jeopardizing
reliability.

2 This process includes VIRE, although policymakers have been reluctant to curtail renewable resources when
other options are available (Pollitt and Anaya 2016).
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8 In practice, this is not the case, but the probability of this assumption could be evaluated and incorporated into
the overall reliability analysis.

' In some cases, system operators may have to calculate prices owing to missing data or revise prices after the
fact.

® One notable exception is Germany, where the total annual volume of congestion management actions has
exceeded 15 terrawatthours (TWh) since 2015 (Bundesnetzagentur 2020). This volume corresponds to more than
2% of final German consumption. This outcome has occurred owing to increasing internal congestion between the
north and south of the country. Most renewables are located in the north, and large load centers are in the south.

6 After the February 2021 rolling blackouts in Texas, numerous calls were made to not require retail consumers to
pay their extremely high electricity bills. These bills resulted from high wholesale electricity prices.

7 Mann (2006) defines merit goods as goods “for which government interference with the aggregated willingness
to pay increases utility.” Kapstein and Busby (2010, 75) define them as “goods that are available to everyone
regardless of income.”

'8 Negative or zero prices are not a problem in and of themselves. However, their efficiency implications depend on
their cause. If their cause is an out-of-market payment, such as a production tax credit, then they may introduce
inefficiencies. If their cause is generation units offering negative prices to stay online, then they may be efficient
owing to high shutdown or startup costs.

' The marginal block of supply for some thermal power plants may be from a generation unit whose marginal
cost exceeds its average cost for the last part of its operating range (Felder and Peterson 1997). In this case, the
marginal generator’s (or marginal block of generation’s) supply curve intersects the demand curve. The resulting
price is sufficient for the installed generation units to recover all their costs.

20 This market can also be administered by U.S. states, as in the case of the Regional Greenhouse Gas Initiative.

21 Renewable market standards may provide some resilience and adaptation capabilities, particularly when
combined with other policies. For example, they may enable distributed solar facilities to operate without
jeopardizing utility workers’ safety when the remainder of the distribution system is without power.

22 Power systems have supervisory control and data acquisition systems to identify and isolate near instantaneous
faults. They rely upon markets to ensure sufficient ancillary services to manage changes in real power. Changes

in reactive power are addressed via non-market means, such as transmission planning and operations and
generation interconnection requirements.

23 |f other generation resources, such as nuclear units in several U.S. states, receive out-of-market payments, then
similar efficiency concerns arise.
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