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Abstract—Wind and solar power will give rise to
challenges in electricity markets regarding flexibility,
capacity adequacy, and the participation of wind and
solar generators to markets. Large amounts of wind
power will have impacts on bulk power system markets
and electricity prices. If the markets respond to
increased wind power by increasing investments in low-
capital-cost/high-marginal-cost power, the average price
may remain in the same range. However, the experiences
so far from Denmark, Germany, Spain, and Ireland are
that the average market prices decreased because of
wind power. This reduction in price may result in
additional revenue insufficiency, which may be corrected
with a capacity market; however, capacity markets are
difficult to design. Further, the flexibility attributes of
the capacity need to be considered. Markets facilitating
wind and solar integration will include possibilities for
trading close to delivery (either by shorter gate closure
times or intraday markets). Time steps chosen for
markets can enable more flexibility to be assessed.
Experience from 5- and 10-minute markets has been
encouraging.
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I. INTRODUCTION

Large amounts of wind power will have impacts on
electricity market prices. Wind power production will
usually be a price taker in the energy markets, bidding at a
zero price. Subsidies such as green -certificates paid
according to wind power production can even make it
profitable for wind power producers to generate at negative
prices. Day-ahead market prices will be lowered during
hours of high wind power production forecasts—depending
on how much wind power will push higher marginal cost
generation out of market. During times of low wind
generation, the market prices can be higher, resulting in
increased price volatility. If the markets respond to
increased wind power by increasing investments in low-
capital-cost/high-marginal-cost power, the average price
may remain relatively unchanged [1]. However, the
experiences so far from Denmark, Germany, Spain, and

Ireland are that the average market prices decreased because
of increased adoption of wind power [2] . Estimating any
type of price or impact requires a comparison of one
outcome from reality against a simulated reality that is based
on some alternative assumptions. The assumptions for the
alternative system are always critical for the resulting price
impact [6].

Wind and solar power forecast errors are larger per unit
than those for load or other generation sources. This can
mean increased trade in intraday markets, and will also
impact the real-time/balancing markets. The increased
demand in balancing markets often increases the prices for
up/down regulation more steeply than in energy markets.
Conversely, the prices in the balancing market usually
follow the spot prices; this means that even if wind power
increases the balancing market prices, the overall price
impact can be more moderate.

With increased wind power, other generators close to
marginal costs will likely experience lower capacity factors
because of the merit order effect described in [1]. Some of
the plants may be pushed into retirement because of revenue
insufficiency. This in turn can risk capacity adequacy during
high load times, unless there are market or regulatory
processes that can mitigate this risk. Another concern is the
flexibility available from the remaining power plants, which
is at risk because combined-cycle natural gas generation
tends to be the marginal generation much of the time and
provides some of the most flexible operating characteristics
of the generation fleet. On the other hand, a power system
with more variable sources will lead to more variable prices,
which will also lead to higher income for power plants that
can more easily follow the changing net demand, assuming
markets that compensate for this flexibility.

This paper describes some of the key issues related to
wind integration. Section II focuses on basic market
functions, and Section III describes some of the key market
implications for wind plants that sell energy in wholesale
markets. Sections IV and V describes general market
structures that may be necessary to motivate potential
providers of services that are needed for efficient power
system operation with high penetrations of wind. This
discussion focuses on two key issues: (1) resource adequacy



and (2) flexibility. Section VI outlines some potentially
useful general principles for market design, and Section VII
concludes.

II. OVERVIEW OF MARKET FUNCTIONS

Markets provide various mechanisms and signals to both
consumers and producers. In the complete absence of
market power, along with assumptions of perfect
competition, it is easily shown that a stable, long-run
equilibrium can be achieved that maximizes social welfare
[7]. Electricity markets do not fit into the perfectly
competitive mold as a result of industry inception and
subsequent development, resulting in large monopolies of
centralized dispatchable units to take advantage of
economies of scale that, although beneficial, distort the pure
market outcome [8]. This motivated public regulation of the
power system industry. It is also the reason that electricity
markets are very difficult to design, and why it may be
necessary to separate some ancillary service markets from
an energy-only market.

There are some basic issues that must be examined to
determine whether a market design can be effective, both in
the long run and in the short run. Introduction of variable
renewables pose further challenges as penetrations and the
various market signals change through time, resulting in
potential mismatches between signals provided by the
market today for future generation resources.

As an example, Fig. 1 illustrates a feedback loop that links
short-term and long-term time frames. Given an initial
system configuration with a set of operating constraints and
some level of wind and solar energy, these constraints—
along with the load level, generation mix, etc.—set prices.
In a system experiencing shortages, one would expect prices
to be somewhat higher than in an adequate system. These
high prices would signal that new generation may be needed
and that profit can be earned. After a new plant is built,
months or years later, the system has a new set of flexibility
attributes that result in a set of prices that signal future
investors, continuing the cycle.

Wind energy tends to lower spot prices, potentially
resulting in negative prices when base-load generation is
running at minimum loading levels, demand is low, and
wind output is high, with no possibilities of export. Other
conditions lead to high prices as well." Thus, it is possible
that price volatility increases with significant wind and solar
penetrations. This leads us to ask two key questions:

1. Are fast and potentially more volatile energy
markets sufficient to stimulate investment in
flexibility enhancements?

a. Ifso, are these markets stable?
b. If not, what might be needed?

2. Does the reduction in capacity factor from some
generators result in (or exacerbate) revenue
insufficiency?

! These include ramp constraints, fuel prices, and many other conditions
in the power system. See Bolinger, M & Wiser, R paper:
www.osti.gov/bridge/servlets/purl/962658-J0nfxd/962658.pdf.
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Fig. 1. Long-term decisions (investments) are made based in part on price
signals today.

III. WIND INTEGRATION IN ELECTRICITY MARKETS: THE
PRODUCER’S VIEW

The operation of wind power plants in electricity markets
is a good way to integrate wind power in the scheduling and
dispatch process. However, there are certain market rules
that can either help the wind power producers acting in the
market or make the market operation very costly. The
existence and liquidity of intraday markets (trading as close
as possible to real-time) as well as balancing markets
throughout large geographic areas are cornerstones for wind
integration. In the absence of intraday markets, the exposure
of wind generators to market risks of price, volume, and
balancing is likely to hinder wind integration. Trading
across large geographic areas may include different control
zones or power systems whose products and rules need to be
harmonized (e.g., closure gate times, transmission capacity
allocation, reserves time response, etc.) [28]. Also,
additional markets that recognize wind power capabilities
are important. For example, the participation of wind and
solar generators to offer flexibility and ancillary services
should be made possible —even at higher prices to
compensate for losses in generation, this can prove valuable
for the system in critical times when other sources of
flexibility are scarce. The basic challenge is to have market
rules that result in an efficient operation of the whole
integrated power system [28].

IV. MARKETS TO INCENTIVIZE FLEXIBILITY AND RESOURCE
ADEQUACY WITH HIGH WIND PENETRATIONS

A well-designed market will deliver the economically
optimal mix of power generation, subject to the degree of
competition and other constraints on the system.
Conversely, markets that induce suboptimal power supplies
are not efficient. The potential for market power is typically
viewed as the key motivator for various market regulations
and market monitors in the United States and Europe.

With high penetrations of wind energy in the power
supply, other non-wind generators will still be needed but
will operate at lower capacity factors. This implies that at
least some of these units generate less energy and therefore



receive reduced energy payments from the energy market. It
follows that this reduced revenue stream, in at least some
cases, may be insufficient to cover both the variable and
fixed costs of production. Over time, this may induce
generators to retire with little prospect of replacement
capacity. On the other hand, if this happens, there will be
more situations with available capacity closer to the limit
that will result in higher prices, which then will increase the
interest of investments in either low-capacity-cost units as
open-cycle gas turbines or flexible demand.

Additional flexibility is needed to integrate large amounts
of wind energy [16]. This need for flexibility includes
several characteristics, such as short notification and start-up
times, short minimum up- and down-times, and fast
ramping. Of course, any power system needs some of this
flexibility, but large amounts of wind and/or solar energy
will require additional flexibility. [19] showed that fast
energy markets can help elicit at least some ramping
capability. One issue that has not been resolved is whether
fast energy markets with volatile energy prices will be
sufficient to elicit the needed level of ramping, and whether
the emergence of the needed ramping level (in terms of
installed capability) will depress the market, causing
oscillations in the market for ramping capability.

A. Capacity Markets

Generators that participate in energy-only markets rely on
the prospect that the sum total of energy payments will be
sufficient to cover both the variable cost of operation and
the fixed investment cost of the plant. Retail prices are
typically not reflective of production cost; therefore, the end
consumer will not receive price signals, resulting in one
form of market failure because supply and demand are not
rectified. The main problem in the electricity markets is then
an irresponsive demand. Markets are functional as long as
all participants (including consumers) have the same
opportunities and information to respond to price signals.
Traditionally, the equilibrium in the market has been
achieved on the supply-side exclusively. With high
penetrations of wind energy (or solar energy), it has been
shown that conventional plants’ capacity factors decline as a
result of the near-zero marginal cost of wind energy [13].
Because of a combination of political and market
manipulation concerns, some energy markets have price
caps that limit payments available during scarcity hours,
contributing to what is often referred to as the “missing
money” problem, and contributing to the need for capacity
markets to ensure adequate recovery of capital and operating
costs [18]. In Europe, capacity markets often respond to
protecting market incumbent’s revenues rather than system
adequacy. This has triggered overinvestment in national
power generation capacity in some countries. Indeed, the
design of a capacity market is not straightforward. Whilst
addressing the missing money problem, they may create
others externalities and market distortions. Although PJM
has assessed its capacity market and found that it functions
well, the Independent System Operator of New England
(ISO-NE) has tried several alternative market designs, at
least two of which have not been effective[17]. At the same
workshop, [20] suggested that markets will obtain whatever
is rewarded, whether that is the object of the market

designers’ desire or not. The point is that markets must be
well-designed, clear and consistent in their objectives, and
reward the delivery of the desired product.

If the objective of a capacity market is to provide the
“missing money” so that fixed costs can be covered by the
capacity market, the capacity market must compensate
generation owners in a consistent way during the time
period during which the debt (or other financial instrument)
is retired. It follows that capacity markets that offer single-
year payments will likely not result in resource adequacy in
the long run. This is because capacity auctions in a given
year that can elicit the required new generation capacity may
not be repeated in the following year(s). If the auction does
not provide sufficient capacity payments to the generation
developers/owners, then the objective of the capacity market
will not be met.

Conversely, it is also important that the combination of a
capacity market with an energy market does not result in
overcompensation. Although simple in principle, this
implies that the required level of compensation to elicit the
needed level of capacity is known.

In the Nordic market, an alternative capacity market is
implemented, a so-called selective capacity market [22]. In
this type of market, only a limited amount of power receives
funding. The impact from wind power on this market was
studied in [7]. The result was that in a system where wind
power is added as extra power to an existing power system,
the required volume of reserve power decreases. However,
in a system where the market installs less power when wind
power is expanded, the required volume of reserve power
increases.

B. Flexibility Markets

High penetrations of wind energy require additional
flexibility from the remaining generation fleet, or must be
combined with flexibility that is provided by the wind power
plants themselves [21]. Markets that reward only energy
provide an incentive for generators to produce as much
energy as possible, which may result in the
overdevelopment of large base-load generation that can run
at very high capacity factors. In any power system, even
absent wind energy, some flexibility is needed, which is
why a typical generation portfolio (regardless of ownership)
consists of a combination of base-load, mid-merit, and
peaking generation. Efficient markets are defined as markets
that can provide for the type of product and in sufficient
quantities to deliver what society values. In the case of
power generation with significant penetrations of wind
energy, this means that sufficient flexibility needs to be
elicited by the market—not too much, and not too little.

Market suppliers respond to incentives; therefore,
whatever incentives are provided by the market must be in
line with what is physically needed to operate the power
system reliably and economically. Generally, a flexible unit
(or responsive load) can react quickly to changing needs.
Large systems may have multiple flexible units, and they
can be called upon based on their cost, allowing for the
economical acquisition of flexibility in real time. One can
also define flexibility to have multiple attributes, each of
which is needed in wind-rich power systems:



e Fast ramping capability (up and down)

e Low turn-down capability

e  Fast start-up and shut-down

e  Short minimum up-times and down-times

Energy-only markets that run in short intervals, such as 5
min, can extract significant ramping capability as a by-
product. This was shown by [19]. Fig. 2 provides a simple
example.

The base-load wunit, with a hypothetical price of
$10/MWh, cannot ramp fast enough to keep up with load
increase, although it does have sufficient capacity to meet
the higher load level. A peaking unit, with a hypothetical
price of $90/MWh, provides the needed ramp capability
until the base-load unit can catch up, at which point the
peaker is no longer needed. During the period of high load-
ramping, when the peaker is called into service, the energy
price is $90/MWh, rising to that level because of the out-of-
merit dispatch that is required to meet the ramping needs.
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Fig. 2. Using an energy-only market, it is possible to extract fast ramps.

The question is whether this type of market price spike
will induce the development and deployment of fast-
ramping capability, both in the short run and in the long run.

This question has not been satisfactorily answered in the
research literature or in practice. In this example, the market
rewards the peaking unit, which would therefore provide an
incentive for the development and deployment of such
resources. On the other hand, in this energy-only market
example, the base-load unit is rewarded for a capability that
it does not possess, which does not provide an incentive for
the base-load unit to develop the needed ramping capability.

One side of the debate argues that this perverse incentive
to the base-load unit will result in market failure. In this line
of reasoning, a ramp-constrained period should trigger the
activation of a new market to supplement the energy market.
Thus, when the merit-order dispatch stack does not have the
required ramping capability, a ramp product would be
utilized, paying the peaking unit (or whatever technology
can respond as needed) a price of $90/MWh, but keeping the
energy market—clearing price at $10/MWh. If a generation
owner were then to develop additional ramping capability, it
would be rewarded by the market; however, if a base-load

unit could not respond, it would not be rewarded for its lack
of response. This is the way that the balancing markets
operate.

However, the other side of the debate argues that an
energy-only market is sufficient to elicit the needed level of
flexibility. As illustrated in Fig. 2, there may be times when a
high energy price is needed to compensate high-cost
generation, such as combustion turbines that have the ability
to ramp quickly enough in the absence of other flexible
units. The resulting price volatility would then provide price
signals to generation owners to increase their flexibility.

A general challenge for power system investments is the
risk of market power, defined as the ability for a single
market actor to influence the market-clearing price. In the
example in Fig. 2, the base-load unit may have no incentive
to invest in a better ramp rate performance because that will
lower the marginal price and reduce the income. But if one
assumes a competitive market with many players, there may
be other base-load units that will have an incentive to
improve their ramping capability.

There may be other approaches that can help elicit
flexibility in real-time markets. One example is the use of a
probability-weighted locational marginal price (LMP), as
described in [25]. The output from a stochastic unit
commitment and dispatch is used to calculate the
distribution of likely outcomes. Using the probabilities
associated with the outcomes, a weighted average price can
be calculated. Simulation evidence shows that periods of
uncertainty cause prices to respond accordingly, allowing
risk to be priced into the dispatch.

This approach also has two additional benefits: (1)
negative profit is reduced, which then reduces the need for
uplift payments; and (2) this method allows for a relatively
simple way to convert the output of a stochastic to a single
value that can be used for discrete dispatch decisions.

V. WHAT KIND OF CAPACITY IS NEEDED?

The previous two sections discussed the issues of capacity
and flexibility, but have not linked them together. It is
important to be able to assess whether there is adequate
capacity to serve the future level of load. With high levels of
wind and solar energy, it is also important to ensure that the
capacity that meets the resource adequacy also has the
flexibility attributes needed by wind/solar generation. At
present, there is no single accepted method for determining
the level of flexibility that is needed, nor how it can be
supplied.

However, there has been some progress in this regard.
[26] developed a series of ramp envelopes, based on 10-
minute wind and solar power data, along with load data. An
example is shown in Fig. 3. This graph was assembled from
data used to evaluate the proposed Energy Imbalance
Market in the Western United States, and the data covers the
entire Western Interconnection, absent those areas served by
the California Independent System Operator and Alberta
Electric System Operator.
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Fig. 3. Ramp envelopes for alternative risk levels can inform the need for
ramping.

Resource adequacy assessment utilizes probabilistic
methods that account for the forced outage rates of
generators. This technique can be adapted to ramping need
and capabilities, as developed in [27]. The effective ramping
capability (ERC) is calculated based on ramping needs and
the capabilities of the generation fleet, adjusted to account
for forced outages. The relationship between effective load-
carrying capability and ERC is shown in Fig. 4
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Fig. 4. Relationship between effective ramping capability and effective
load-carrying capability.

VI. POTENTIALLY USEFUL PRINCIPLES FOR MARKET
DESIGNS

Although market design details are very complex and
difficult to design so that unintended consequences are
avoided, we offer a few simple principles that may be
helpful for market designers. Some of these were adapted
from [10].

A. Horizontal Consistency

Two market suppliers that produce the same (or similar)
product or performance should be paid the same (or similar).
This principle applies to the deployment (commitment or
dispatch) of the resource, not necessarily to bids. For

example, two units (A and B) that provide the same ramping
performance, as measured in MW/minute during the same
market period, should be paid the same amount.

B. Vertical Consistency

Elaborating on the previous example, if unit A provides a
faster ramp than unit B, A should be paid more than B.

C. Technology-Neutral

Markets should be blind to the technology behind the
product. Instead, performance metrics should be developed
that normally include either incentives for good performance
relative to the market or penalties (or reductions in
payments) for poor performance. A performance-based
market metric (or family of metrics) results in a form of
competition between technologies that may be able to
provide the same or similar service. This type of metric also
allows for the development of new capabilities, such as
wind turbines that can provide various levels of control to
provide ramping or other valuable products to the power
system while also providing other benefits, such as reduced
greenhouse-gas production, water usage, and low marginal
cost. [10] described an example of a coal unit that consumes
regulation, showing that performance-based analysis is more
appropriate than technology-based.

D. Market Interface

Trading between balancing areas can help mitigate
variability and uncertainty. The Nordic power system
provides a good example. Imbalances in Denmark can be
counterbalanced in Finland within 10 min if the Finnish
regulating bid is the cheapest one and there is room in the
transmission system through Sweden (which is in between
Denmark and Finland). Market operators in the United
States are also improving interactions at market boundaries,
moving toward shorter scheduling periods of 15 min instead
of hourly schedules. Trading across large geographic areas
may include different control zones or power systems whose
products and rules need to be harmonized (e.g., closure-gate
times, transmission capacity allocation, reserves-time
response, etc.) [28].

E. Thought Experiments

Simple analyses can help determine whether the market
will achieve its objectives. These thought experiments are
not substitutes for more rigorous analyses or stakeholder
inputs during the market development process; however,
they can be useful to determine whether the market does
indeed reward suppliers who provide what the market is
asking for. They can also help determine whether there are
any unintended incentives for poor behavior, whether there
are sufficient rewards for desired behavior, or whether the
market focus has been achieved with minimal side effects.
This is discussed further in [10].

VII. SUMMARY AND CONCLUSIONS

Wind and solar power will give rise to challenges in
electricity markets regarding flexibility, capacity adequacy,
and the participation of wind and solar generators to
markets.



It seems clear that market structures to reward flexibility
are beginning to be designed, yet more work is needed to (a)
further develop the conceptual framework and market
design, and (b) conduct pilot and other market tests. Testing,
both through simulation and by pilot projects, will be critical
to ensure that the proposed market structures behave as
intended. There are two aspects of flexibility markets: (1)
long-term market signals must be sufficient to induce the
needed flexibility to be built, and (2) once built, the
operational market must provide a sufficient revenue stream
to ensure the financial viability of the flexible unit (or load).
All of this should be accomplished in an economically
efficient manner.

The experience with capacity markets appears to be
uneven. As indicated by the ISO-NE, this is an evolving
area and additional research and/or experimentation is
needed. This type of market is particularly difficult to test in
practice because it can potentially cover a period of years.
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