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Abstract

The electric power sector around the world is undergoing long-term tech-
nical, economic, and market transformations. Part of these transformations
is the challenge of integrating high shares of renewable energy, particu-
larly variable wind and solar. The concept of flexibility of a power system
is key in terms of balancing these variable sources while keeping the lights
on. On the supply side, flexibility arises from innovations in flexible coal
and gas power plants, energy storage, and renewables. On the demand side,
many distributed resources—generation, flexible demand, storage, and elec-
tric vehicles—can also contribute, and likewise transmission and distribution
networks, grid operations, and market designs. Experience with measures
and innovations for grid integration in all these categories is given, from
several jurisdictions like Germany, Denmark, and California, where renew-
ables already provide 20–40% shares of electricity and plans to reach 50%
exist. Questions point to areas of technology, economics, planning, oper-
ations, business, and policy that need further understanding and learning
from experience.
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1. INTRODUCTION

The electric power sector around the world is being transformed in fundamental ways, not just
technically, but also in terms of policy, markets, finance, and institutions. Electric power companies
face some of the greatest challenges in planning, operations, and investment they have ever faced,
as well as a paradigm shift in many of the fundamental tenets that have guided electric power
systems for the past several decades (1–6). And along with new technologies, a range of new
market and business models are emerging, open to a broader array of energy service companies,
energy traders, and other market participants (7–12).

Renewable energy is an integral part of this transformation. Over the past 20 years, a di-
verse range of renewable energy support policies have been adopted in 145 countries globally,
technology costs have declined dramatically, and annual investment in renewable energy reached
$270 billion in 2015 (13, 14). The “global energy transition” is a phrase heard increasingly, not
just in countries that have committed to it explicitly, such as Germany, which targets 80% of
its electricity from renewable energy by 2050, or Denmark, which targets 100% by 2035. Many
subnational jurisdictions have ambitious targets for renewables as well, such as California (50%
by 2030), Scotland (100% by 2020), and South Australia (33% by 2020). More than 160 countries
globally have future targets for renewable energy (13). In addition to these policy targets, many
future energy scenarios show high shares of renewable energy globally and for specific regions,
with many projections showing 40–80% share of electricity by 2050 (15–22). A central challenge
of the power sector now and in the future is how to integrate higher shares of renewable energy.
This is often referred to as the grid integration challenge. Although there is no commonly cited
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Transmission and
distribution:
transmission networks
interconnect large
power plants with
centers of power
demand; distribution
networks serve power
to local areas and
neighborhoods

Resources: sources of
electricity, storage,
responsive load, and
other elements that
combine to
instantaneously serve
the demand on a grid

Electricity market:
the buying and selling
of wholesale electricity
on the grid by
generators, retailers,
and wholesale
consumers, in advance
or in real time,
through a
stock-market-like
exchange

definition of grid integration, the California Public Utilities Commission (CPUC) (23, p. vi) offers
the following definition:

The process to achieve grid integration is to solve a set of three interlinked challenges, and to harness
the opportunities created by these challenges: (a) to integrate wind and solar resources, in increasing
amounts, onto the grid, particularly at the bulk or transmission level; (b) to respond to the changes in
system-wide customer load due to increased rooftop solar installations and connected electric vehicles;
and (c) to bring about, in concert: changes to the characteristics of traditional resources, changes to the
functionality and role of distributed energy resources, changes to operational and planning practices
at both transmission and distribution levels, and changes to wholesale and retail markets and tariffs.

The grid integration challenge encompasses many elements. Key among them is the concept
of flexibility of a power system, in terms of balancing variable wind and solar resources in par-
ticular, and more generally in terms of how all elements of a power system, on both supply and
demand sides, can work together to ensure reliability (“keep the lights on”) while minimizing cost
(24). Another key element is the design of electricity markets themselves, in ways that aid grid
integration, while ensuring the most economically efficient operation. A further element is the
planning and strengthening of transmission grids to balance geographical patterns of renewable
energy resources and power demand. One final element is how distribution-level systems can
be transformed in their planning and operation, to support grid integration and flexibility. This
article reviews all of these elements.

There is a large and fast-growing literature on many aspects of renewable energy integration
into the power sector. A vast amount has been published in just the past few years, at an accelerating
rate. A lot of the literature is technical or engineering in nature, but a growing share concerns the
planning, markets, institutions, regulation, economics, and business models that accompany the
transition to higher shares of renewables (2–12, 23–46). This article looks at a key aspect of this
literature: the flexibility or balancing challenge of ensuring that “the lights stay on” in the face
of high shares of variable renewable energy sources, particularly wind and solar. In 2015, wind
and solar power made up more than 90% of total global investment in all forms of renewable
energy, and in the future these two sources will almost certainly continue to dominate power grid
transformations (13).

Because the subject of grid integration encompasses such a wide range of literature, the inclusion
of primary peer-reviewed literature for all subjects is impractical for an article of this size. For
example, Chapter 8—on grid integration—of the IPCC’s Renewable Energy Sources and Climate
Change Mitigation Special Report (30) includes more than 500 references. And the present article
moderates technical detail to be understandable to nontechnical readers. Therefore, this article, in
addition to sampling primary literature, refers to many high-level summary or synthesis sources,
which themselves point to several thousand items of primary literature. Readers looking for more
extensive primary literature may take this article as a topical roadmap to those other sources.

Furthermore, research and literature on the grid integration challenge is disparate and complex,
and often grounded in a specific geographical scope delineated by the technical reach of the
power grid itself, and/or by the jurisdictional boundaries of electricity markets, institutions, and
regulation. Each element of the grid integration challenge mentioned above is the subject of
literature of multijurisdictional or global scope, but is also commonly found in works addressing
the challenge for a particular power system or jurisdiction. Achieving grid integration in the most
economic way depends very much on the configuration and characteristics of an individual power
system and electricity market. No two jurisdictions have the same characteristics, so research and
literature are most commonly jurisdiction specific.
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Pumped hydro:
hydropower with a
lower and upper
reservoir that acts as a
battery when water is
pumped uphill to the
upper reservoir

Variable renewables:
renewables such as
wind and solar whose
output is
autonomously
determined by the
strength of wind and
sun; usually not
controllable by power
grid

Grid operator: keeps
the lights on, operates
transmission, and may
run the electricity
market; usually called
independent system
operator or
transmission system
operator

Combined-heat-and-
power plants
(CHPs): power plants
that produce both heat
and power
simultaneously,
providing heat as hot
water or steam to
nearby buildings or
industries

Ancillary service:
an operational process,
usually market-based,
in which generators
respond to grid
operator signals to
keep the grid
operating within
required technical
parameters of power,
voltage, and frequency;
also referred to as grid
service or ancillary
market

2. GRID INTEGRATION GLOBALLY: PRESENT AND FUTURE

In discussing grid integration, it must be recognized that the prevailing wisdom of 20 years ago
among most electric power companies and power engineers was that going above 5–15% shares of
variable or intermittent renewables such as wind and solar would spell doom for the reliability of
the power grid, and “the lights would go out.” Going above that limit would only be possible with
large amounts of expensive energy storage. Such prevailing wisdom of the past is clearly wrong,
given the high levels of renewable energy penetration already seen today in many jurisdictions,
while the lights remain on and little energy storage has yet to be employed beyond pumped hydro.
Several jurisdictions are already near or above 20% shares of variable renewables. And targets for
higher shares in many jurisdictions are leading to planning for grid integration that involves only
modest amounts of energy storage, coupled with many other grid integration measures considered
to be cheaper and more practical.

California is a good example. In 2015, California received more than 20% of its electricity from
renewable energy (not counting large hydro). By 2020, California’s Renewable Portfolio Standard
policy will require a 33% share of renewables (also not counting large hydro). A large portion
of California’s renewables are expected to be solar power by 2020, as solar has been growing
rapidly due to continuing state and federal incentives. California’s power companies, regulatory
authorities, and power grid operators are addressing the grid integration challenge successfully and
anticipate little difficulty through 2020. According to an analysis by the CPUC, the characteristics
of California’s existing grid infrastructure have allowed for successful integration of variable wind
and solar generation with only minor changes to grid operations (24). Beyond 2020, new state
legislation enacted in 2015 targets 50% renewables for California by 2030, putting the state on
a clear path to addressing grid integration in new ways through 2030 (47). Several recent studies
have looked at California’s grid integration challenge (23, 48–54).

Along with California, Germany is also a global leader in adopting high shares of renewable
energy. Renewables already provide close to 30% of Germany’s power on an average basis (55).
On some peak days in 2014, solar and wind alone supplied close to 80% of peak power demand
at specific times of the day. Germany is targeting a 50% share of renewables by 2030 and 80%
by 2050. Germany has thus far not faced major difficulties with grid integration, successfully
balancing its variable renewables with power imports and exports to neighboring countries, a
well-functioning electricity market that allows economic-based curtailment of wind power (with
market prices that can go negative; see Section 6), technically strong grids, an oversupply of
generation capacity, and higher degrees of operational flexibility of its coal and nuclear plants (32,
40, 54–56). Germany is beginning to comprehensively confront the grid integration issues that
will arise in the future. For example, the German government recently issued a white paper that
proposed changes to Germany’s basic electricity law and market, including measures that could
assist with grid integration (57). The organization Agora Energiewende publishes a comprehensive
literature on Germany’s future grid integration challenges (58).

Denmark is a world leader in wind power, with 39% of the country’s electricity coming from
wind in 2015 (59). Denmark targets 50% of its electricity from wind power by 2020, and 100%
of its electricity from all forms of renewables by 2035. These ambitions have put Denmark at the
forefront of grid integration, with many strategies implemented or planned (32, 40, 43, 54, 59–
61). So far, cross-border market-based power exchanges with neighboring countries, flexible coal
plants, flexible combined-heat-and-power plants (CHPs) coupled with thermal storage, must-run
capacity, ancillary service innovations, day-ahead wind output forecasting, and advanced power
grid operational measures have all allowed Denmark to successfully integrate and balance its
renewables. Indeed, there have already been days when wind power has supplied more than 100%
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of the country’s power demand. In the future, Denmark will be further integrating its heating,
transport, and electricity sectors into a transformed energy system that balances very high shares
of variable renewables.

Many other jurisdictions around the world are addressing the grid integration challenge as
the share of renewable energy grows. Such efforts may be driven by the emerging imperatives
of grid integration, or they may be part of broader electricity market reforms focused on market
or system efficiency. In the United States, beyond California, the power grids of the Midwest
(MISO), the Mid-Atlantic (PJM), New York, Texas (ERCOT), and Hawaii are all undertaking or
considering a wide variety of measures for transmission, demand response, distributed generation,
market design, ancillary services, and/or distribution systems, in parallel with national policy
changes by the federal energy regulator [the Federal Energy Regulatory Commission (FERC)]
(2, 32, 62–66). In Europe, numerous European Union (EU)-wide initiatives are underway related
to grid integration by 2020 and beyond, including transitions in EU electricity market designs,
long-term transmission planning, and planning flexible coal and gas plants (41, 67–69). The EU
as a whole had a 27% renewables share in 2014. Among individual EU countries, Italy targets
distributed energy storage in areas with high shares of solar power. Spain, a wind power leader,
pioneered advanced grid controls and wind forecasting and has relied on its hydro resources for
balancing, in addition to planning for larger grid balancing areas. Ireland, also a leader in wind
power (supplying more than 50% of the country’s power on some days), has been undertaking
transmission strengthening and a cross-border energy market with the United Kingdom, along
with better wind forecasting and grid planning to improve both flexibility and stability (2, 32,
70–71). In Australia, the state of South Australia, with a 30% wind power share in 2014, has also
developed advanced wind forecasting and has been grappling with grid flexibility and electricity
market volatility given its relative isolation from other grids (40).

Among developing countries, China, India, South Africa, and several others are beginning to
respond to the grid integration challenge with a variety of measures as renewable energy develop-
ment accelerates (2, 40, 54, 72–73). South Africa is facing the particular challenge of integrating
a growing share of distributed solar power within its distribution networks, as well as making
coal plants more flexible. In China, a large portion of the challenge has been strengthening and
extending transmission networks to transfer wind power from remote regions that lack sufficient
power demand to absorb the wind power locally, as well as making coal plants more flexible.
Measures in India have included transmission planning, strengthening transmission corridors for
wind power, renewable output forecasting, and regulatory measures for power market operation
and scheduling.

Several countries around the world already have very high shares of renewables, in the 60–
90% range, including Austria, Brazil, Costa Rica, Georgia, Iceland, Mozambique, New Zealand,
Norway, Sweden, and Uganda (13). But in these cases, the renewables are mostly dispatchable hy-
dro, geothermal, and/or biomass, rather than variable wind and solar. As such, the grid integration
challenge is less pronounced in these countries at present.

3. FLEXIBILITY OF POWER SYSTEMS

Flexibility is a key attribute of power systems. Power system flexibility has existed since the dawn
of electric power networks more than a century ago. However, conventional flexibility was based
primarily on being able to vary generation output to match changes in load, and also to respond to
sudden unexpected changes in power system components, such as a transmission line or generator
experiencing a fault or accident. So flexibility needs were driven by the accuracy of load forecasting
and the probabilities of various discrete events. However, flexibility needs and the meaning of
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Net load:
the required level of
nonvariable resources
on a power system
after subtracting out
variable renewables
generation; also
referred to as residual
load

power system flexibility are being reconsidered and redefined—going beyond traditional flexibility
needs to also include the need to balance large shares of variable solar and wind resources, whose
output is neither constant nor perfectly predictable, as well as accommodate a variety of new
technologies such as energy storage, electric vehicles, and demand response. Over the past decade,
there has been a burgeoning literature on the needs, costs, and assessment of flexibility in power
systems with increasing shares of variable renewables (24–30, 40–46).

3.1. Flexibility Needs and Assessment

The additional needs for flexibility based on variable renewable energy arise for several reasons.
First, the variability of renewable output in real time (seconds to hours) means that the remaining
resources on a power system must respond in real time to changes in renewable output to keep the
system balanced and stable (see also curtailment in Section 6). This is called the balancing timescale.
Second, flexibility needs arise from system “ramping” caused by large swings in renewable power
output over short periods of time. This may be caused by large and sudden changes in wind output,
for example, but most typically by the daily swings in solar output in the morning and evening as
the sun rises and sets, leading to large swings (ramps) in net load. Third, a longer-term need on
the scale of months and years is ensuring that enough resources exist to counter longer periods of
low renewable output (see Section 4). For example, during the month of November, in particular,
Germany sees little wind or sun, such that other resources must fill the void.

Flexibility needs for system ramping have become a major concern in California, where the
grid operator CAISO predicts a 13-GW ramp in net load occurring over a 3-h period each
afternoon by 2020 (against a 30–35-GW total load), due to solar output declining as the sun sets.
This ramp is pictured in CAISO’s so-called duck curve (23). Meeting that 13-GW ramp is the
equivalent of turning on 13 large (1-GW) coal or gas plants over a 3-h period, every afternoon.
In Germany, projected ramps by 2022 reach an unprecedented 40 GW (58). However, Germany
proved in 2015 that it is already able to handle a 13-GW ramp today, with little difficulty. This
“demonstration” occurred during a midday solar eclipse, which caused a 6-GW down-ramp of
solar (over 60 minutes) followed by a 13-GW up-ramp (over 75 minutes). Germany’s imports
and exports with neighboring countries, power market design allowing negative prices to curtail
renewables (see Section 6), and flexible coal plants together handled these ramps with no power
outages (56). Whereas the eclipse was an example of a predictable ramping event, as are daily ramps
due to the sun rising/setting or weather changes that can be sufficiently predicted, unpredictable
ramping, for example, from fast-moving weather fronts, is more difficult to manage (74).

Flexibility needs can be mitigated with greater geographical diversity of renewable resources
over a strongly interconnected grid, such that the total output of all renewables over the whole
grid at any given time is less variable than from any individual source or location, for example,
due to geographical diversity (anticorrelation) of wind strength and cloud cover. (Although,
ramps due to daily sunsets are not managed as easily with geographic diversity, unless strong
long-distance east–west interconnections are involved.) Flexibility needs can also be mitigated
through mixtures of different types of renewable resources that may compliment or balance
each other, again leading to lower overall variability. This resource mixture may even include
different mixes of solar panel east–west–south orientations (or east–west–north in the southern
hemisphere), affecting solar output profiles over different times of the day (26).

Finally, weather forecasting that can predict renewable output, on scales from minutes to days
in advance, reduces the flexibility burden on a power system by allowing renewable output to be
precisely modeled and scheduled in advance, thereby reducing the magnitude of the balancing
burden to merely the difference between predicted and actual output (see more in Section 9).
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FLEXIBILITY ANALYSIS NEEDS IN CALIFORNIA

The CPUC lays out four analytical needs for attaining, in a least-cost manner, the necessary flexibility for California
with a 50% renewables share in 2030 (23):

1. Determine the flexibility implications of existing policies, programs, and initiatives, including those for distributed
energy resources, i.e., how far the policies and programs currently implemented take California on the pathway
toward sufficient flexibility to achieve its 50% renewables goal;

2. Make improved assessments of flexibility and ancillary services needs based on the existing and planned generation
fleet and the emerging set of distributed energy resources;

3. Conduct a cost-benefit analysis of potential grid integration measures, including supply-side resources, distributed
energy resources, and market designs, as well as show the additional flexibility that could be obtained from existing
and new resources and consider flexibility attributes such as ramping speed, ability to modify the net-load shape,
and provision of ancillary services;

4. Assess least-cost pathways toward grid integration that account for all potential measures and compare the costs of
curtailment, increased ancillary services, and potential reliability impacts from overgeneration under a status-quo
trajectory to 50% renewables, against the costs of packages of grid integration measures

Reserve capacity:
power capacity that is
held back from
generating, entirely or
partly, to provide
ancillary services when
signaled by the grid
operator

Capacity value:
effective fraction of
renewable capacity
that can be counted in
determining reserve
capacity needs; also
referred to as effective
load carrying capacity

Renewables may be variable, but they are highly predictable in advance, as the state of the art in
renewable output forecasting has shown, with profound implications for grid integration.

A subset of the literature addresses the assessment of flexibility needs. Part of this literature
addresses the practical quantification of flexibility using various metrics, some highly technical in
the domain of power engineering and some suited to system planners and policy makers (75–78).
For example, the Electric Power Research Institute (EPRI) (75) puts forth metrics in a planning
context that include Period of Flexibility Deficit (PFD), a measure of periods when available
flexible resources are less than required flexibility, and Expected Unserved Ramping (EUR) and
Insufficient Ramp Resource Expectation (IRRE), two metrics related to the probability of being
unable to meet ramping needs.

The literature also provides practical frameworks for assessing flexibility needs and solutions
(79, 80). Notable is the International Energy Agency’s (IEA’s) Flexibility Assessment Tool (FAST),
which first characterizes flexible resources available, then determines flexibility needs, and then
compares needs with available resources (26, 27). The result is a characterization of how much vari-
able renewables can be accommodated in the “status quo” system, and/or additional levels of flex-
ibility that would be needed. In a white paper on grid integration policy through 2030, the CPUC
laid out similar analytical steps (23; see also Sidebar, Flexibility Analysis Needs in California).

Flexibility needs to accommodate higher shares of variable renewables are also a function of
the level and definition of system reliability requirements, that is, the likelihood, duration, and/or
frequency of power outages. Different reliability requirements can result in different flexibility
needs (see Section 9). In addition, higher shares of variable renewables may require higher levels of
system reserve capacity, which can be analyzed using the capacity value of the renewable resources
(30, 46, 81, 82).

3.2. Cost of Flexibility and Integration Costs

The additional costs of increasing the flexibility of a power system to accommodate higher shares
of renewables are typically called the “cost of flexibility,” or more broadly “integration costs”
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Generation fleet:
all of the dispatchable
power plants
connected to a grid

Measures and
innovations:
literature uses several
different terms,
including measures,
options, solutions, and
innovations, which are
taken as roughly
synonymous

Balancing area:
geographic and
technical scope of a
power grid in which
supply and demand
must be continuously
balanced; typically
controlled by one
balancing authority

(26, 83–86). (Integration costs can also include the costs of higher levels of reserve capacity required
given the lower capacity value of variable renewables, as noted above.) Because each power grid is
different, and consequently the measures needed to increase flexibility are different, and because
analytical underpinnings are not well developed (including what counts as additional or incremen-
tal costs), the field is still relatively undeveloped, and controversy exists over how and what to count.

For Germany, Agora (83) gives integration costs of onshore wind and solar power, counting
costs of “grid reinforcement” and “balancing” (ancillary services and forecast errors) as 0.5–1.3
eurocents/kilowatt-hour (kWh), which represent perhaps one-tenth to one-twentieth of the direct
costs of renewable power. Agora also adds costs of 0.0–1.0 eurocents/kWh for costs imposed on
the conventional generation fleet, in terms of backup capacity and lost revenue, an even more
controversial and difficult-to-quantify figure. For Europe as a whole, Pudjianto et al. (86) similarly
estimated integration costs of solar power at between 0.5 and 2.5 eurocents/kWh counting all costs,
also noting that integration costs decline when demand response or energy storage is present.
California is among the first of several US jurisdictions to try to apply integration costs to formal
regulatory proceedings, and has been developing a “renewable energy integration costs adder”
to use when calculating least-cost portfolios of renewable energy as part of the state’s Renewable
Portfolio Standard (http://www.cpuc.ca.gov/RPS_Calculator).

The IEA (26) did a groundbreaking study on the economics of power system flexibility that
developed two integration cost metrics. The first, called levelized cost of flexibility (LCOF),
compares the cost of providing flexibility from different measures, including flexible generation,
storage, demand flexibility, and distribution network upgrades. LCOF is expressed in units of
dollars per megawatt-hour and represents the additional cost for supplying or consuming power
more flexibly. The second metric was a benefit-cost ratio of applying a specific flexibility option to
a given power system. The study found a wide range of integration costs across all measures con-
sidered and concluded that demand-side measures, distributed heat storage, and district-heating
applications might be among the most cost effective. The IEA study also created new models
for combining packages of flexibility measures and concluded that these combinations resulted
in cheaper total system costs compared to considering measures individually. This finding was
echoed by Agora (83), which also concluded that comparing total system costs of different power
grid scenarios could be more appropriate than measure-by-measure costs.

3.3. Flexibility Measures and Innovations

Flexibility can come from both supply-side resources and demand-side resources on a power sys-
tem. Flexibility also arises from the design and operation of electricity markets, from transmission
and distribution networks, and from the technical operation of the grid itself. Long-term power
system planning for flexibility incorporates all of these elements. The literature describes specific
measures and innovations for flexibility both conceptually and on the basis of practical real-world
experience. These measures and innovations are reviewed in the following sections.

Of course, every power system and electric-power regulatory jurisdiction is different. A
blueprint for grid integration in one jurisdiction will most likely have only partial relevance
to another jurisdiction. The grid integration challenge can vary greatly in scope and solution
based on the properties of individual jurisdictions. The IEA and IEA-RETD (IEA Renewable
Energy Technology Deployment) (26–29) pioneered approaches to analyzing the conditions that
determine flexibility needs and solutions, including the types and geographic spread of variable
renewables, the flexibility afforded by dispatchable generation, the strength of transmission and
distribution networks, the degree of interconnection with neighboring power systems, the size of
the grid balancing area, the power control/dispatch regimes in use, the dividedness or unity of
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Baseload plants:
power plants that
generally run
continuously at
constant output
year-round or those
with the lowest
marginal operating
costs and, as such,
always dispatched first

Intermediate plants:
plants designed to run
part time, often cycled
multiple times per day

power markets, and the characteristics of power demand. The International Renewable Energy
Agency (IRENA) (40) characterizes the ease of grid integration with three variables: whether grids
are isolated or interconnected, whether the power system is growing or already mature/developed,
and the speed of renewable energy deployment.

So-called smart-grid technologies enable many of the flexibility measures and innovations
discussed throughout this article. There is already a large literature on smart grids, much of which
could be considered part of the so-called grid integration literature (11, 87–90). Although some
of the smart-grid literature focuses more technically on the data and communication tools to
enable various measures and innovations, in many works and conventional thinking, smart-grid
development targets or results in increased flexibility. Thus, a subset of the smart-grid literature
encompasses the broader planning, operational and innovation needs, and functions for flexibility
and grid integration.

4. SUPPLY-SIDE FLEXIBILITY INNOVATIONS FOR
GRID INTEGRATION

4.1. Flexible Coal, Natural Gas, and Nuclear Plants

The flexibility of coal and natural gas power plants is based on three basic characteristics:
(a) their ability to cycle on and off and the lead time required (i.e., start-up time); (b) their min-
imum and maximum output range while running; and (c) the ramping speed at which they can
vary their output levels. Existing plants will have given levels of flexibility but can be modified
(retrofitted) to increase their flexibility, requiring a variety of hardware modifications plus changes
to operational practice. New plants can be designed at the outset for higher levels of flexibility.
When employed to balance variable renewables on a grid, flexible coal and natural gas plants may
cycle on/off once or multiple times per day, frequently ramp their output up/down, and lower
their output to minimum limits (2, 26, 27, 34, 91–94).

In most of the world, coal plants are designed to run at constant output, as baseload, and rarely
to be turned down or off completely. Such plants, usually considered inflexible, can experience
reduced efficiency, increased costs, lower equipment lifetime, and more maintenance if cycled
on/off or ramped up/down on a frequent basis (91, 93, 94). Such consequences led to long-standing
“conventional wisdom” that coal plants could not be flexible. However, there are many examples
of flexible coal plants in use today, including those that have been retrofitted from their original
designs. One example is the Majuba coal plant in South Africa, commissioned in 1996, which was
redesigned from original 1970s-era plans to enable quick start-ups and ramping. As redesigned,
the plant can compete in the South African Power Pool, cycling on/off twice daily despite its
original baseload design (2). In Denmark and Germany, ramping and cycling of coal plants has
long been considered normal practice (54–56, 59–61, 95). Denmark has anticipated the need for
flexibility since the 1990s, and coal plants in Denmark have been built to be highly flexible. In
Germany, most of the hard-coal plants have been originally designed or later modified for flexible
output, whereas many lignite plants, although less flexible, have been modified in recent years for
lower minimum output. Cochran et al. (94) provide a case study of a coal plant in North America
that was retrofitted from inflexible baseload to flexible operation with twice-daily shutdowns and
low minimum output.

Combined-cycle natural gas power plants are designed to run as baseload plants or intermediate
plants. Similar to coal plants, these natural gas plants can be designed or retrofitted to be more
flexible, although also with some loss of generation efficiency, higher maintenance costs, and higher
emissions (38). Several gas turbines now on the market are explicitly designed and marketed as
flexible, or fast-acting plants, with shorter start-up times and faster ramping rates. One example
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Peaking plants:
plants designed to run
only a few hours per
day, at peak hours

Full-load hours:
number of hours per
year a plant operates at
maximum output;
capacity factor, the
annual average share
of maximum output, is
related

is the Sloe Centrale combined-cycle natural gas plant in the United Kingdom, built in 2009 with
flexibility factored into its design, which can ramp to full output in just 30 minutes (2, 96). Simple-
cycle gas turbine plants have been employed as peaking plants for decades to provide flexibility,
although they are less efficient. Of course, natural gas plants depend on the availability of fuel
and natural gas infrastructure, including pipelines and storage, so codevelopment of natural gas
infrastructure and grid flexibility may be an issue (97).

Nuclear power plants, generally considered the most inflexible of baseload plants, can also
provide flexibility if designed and operated appropriately (27, 98). France and Germany have long
designed and operated their nuclear plants for flexibility. In France, nuclear plants provide ancil-
lary services and also act in load-following mode, which means they ramp their output up/down
in response to changes in load. The Nuclear Energy Agency (98) notes, however, that operat-
ing nuclear plants at less than maximum output has been demonstrated to increase unscheduled
outages, and that diligent operations and maintenance are needed for safe operation.

The IEA (26) provides a generic characterization of the differences between flexible and in-
flexible plants. Flexible coal plants offer ramping rates of 4–8%/minute, 2–5-h start-up times,
and minimum output limits of 20–40% (of maximum), compared to inflexible plants with ramp-
ing rates of less than 4%/minute, 5–7-h start-up times and minimum output limits of 40–60%.
Flexible natural gas plants show similar improvements, with minimum output limits of 15–30%
compared to 40–50% for inflexible plants. A fast-acting gas turbine plant on the market today can
offer start-up times of just 40 minutes (38). Flexible nuclear plants offer minimum output limits
of 30–60%, compared to 100% for inflexible plants. In France, existing nuclear plants can ramp
down to 30%, with ramp rates of up to 1%/minute (27).

Although power plant owners have emphasized the increased costs, additional wear-and-tear,
and reduced equipment lifetimes of coal and gas plants operated more flexibly than originally
designed, the IEA (26) concluded that “the cost implications from increased cycling and start-ups
may not constitute a very large part of total system costs . . . particularly as older inflexible plants
are retired and more flexible plants added to the system” (p. 34). However, another financial
consequence of coal and natural gas plants operated more flexibility, rather than as baseload, is that
such plants may produce fewer units of electricity per year, and thus less revenue (also depending
on market design and alternative means of revenue such as ancillary services or capacity payments).
Such an impact on the business and economics of power companies is one of the reasons Rogol
(12), Sioshansi (7), Gray et al. (99), and others foresee major shifts in the power industry.

The most serious effects may first be seen in countries such as Germany, where Agora (58) notes
that up to one-quarter of all dispatchable power capacity (i.e., coal, gas, and hydro) may operate at
full output for just a small fraction of the time—less than 200 hours per year by 2020—otherwise
operating at reduced output. Most other plants also face reductions in annual full-load hours. This
projection is echoed by the IEA (26) in its modeling results, where it notes that in a hypothetical
transformed power system, the power plant mix shows a structural shift, comprising a strong
decrease in the number of baseload or inflexible power plants, and “an increase in the number
of flexible power plants designed for part-time operation” (p. 15). Spain is another example of
such shifts in practice (100). Some have suggested that shifts to more flexible plants will require a
reconception of the meaning of baseload, and even that renewable plants, by virtue of their almost-
zero marginal operating cost, could well be considered a new form of baseload (2, 19, 22, 24, 101).

4.2. Flexible Combined-Heat-and-Power Plants with Heat Storage

Denmark, Germany, and several other countries are already using, or considering using, CHPs
coupled with heat storage to provide power grid flexibility (2, 26, 55, 59–61). Denmark is the
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leading example, where more than half of all electricity is supplied by CHP, including many small
and flexible plants. These plants feed into district heat-supply networks for heating buildings.
Most of these networks include large water tanks for heat storage. Flexibility was designed into
these systems starting in the 1980s and continuing today. In many typical CHP plants around the
world, operation is driven by heat demand, with electricity as a secondary by-product, and thus
electricity production is not flexible. In Denmark, CHP plants can vary the proportion of heat and
electricity, using stored heat to offset any shortfalls if heat production falls below heat demand
(i.e., given more electricity production and less heat production). This means that CHP plants
can vary their electricity output in response to grid conditions and provide balancing.

Economically, this flexibility from CHP was supported by the legal integration of CHP plants
into Denmark’s electricity market, including capacity payments (subsidies) to keep CHP plants
active in the electricity market; as such, electricity market design has played a key role. Also, many
of Denmark’s CHP plants are fueled by biomass, which thus provides a long-term pathway for
balancing variable renewables with nonvariable but still renewable resources such as biomass. The
scheme is a key part of Denmark’s long-term integration of electricity, heating, and transport into
a single transformed energy system, as well as Denmark’s vision to become completely fossil fuel
free. Denmark’s experience is relevant to grid integration in many countries, as worldwide, many
schemes for district heating and cooling coupled with electricity supply and renewable energy
already exist and are growing (102, 103).

4.3. Electricity and Heat Storage

In the past, the only electricity storage resources generally considered practical for grid balancing
were reservoir hydro and pumped hydro. Pumped hydro was often developed in combination with
inflexible baseload plants such as coal and nuclear, storing electricity during the night and releasing
it during the day. In current and future power systems, the long-standing tenet that instantaneous
supply must always equal (and follow) instantaneous demand is being replaced by the flexibility
granted by storage technologies, as well as many demand-flexibility innovations. Many emerging
forms of storage allow power systems to become more flexible and accommodate variable demand
as well as variable renewable generation, including batteries, supercapacitors, flywheels, fuel cells,
compressed air, and hydrogen production, along with many forms of heat storage such as hot
water tanks and phase-change materials. Storage can be incorporated at many locations and levels,
such as the bulk-grid level, onsite at wind farms or other power plants, within local distribution
networks, or at the building level. And storage can operate on different timescales, from seconds
to days. Most grid integration literature addresses storage, and studies dedicated solely to storage
have ballooned over the past decade (104–116).

Many future energy scenarios show growing levels of energy storage on power systems in
the coming decades (19–22, 41, 58). However, storage remains a modest contribution to power
systems in the short and medium term in many scenarios, by virtue of relatively high cost, and
because other grid integration measures can be done first. Many studies show, and many experts
suggest, that shares of renewables of up to 40% are possible before storage must become a major
contributor to flexibility. For example, Agora (105) studies for Germany show storage being used
only after 2032, as Germany approaches a 50% share of renewables. Denmark has no plans for
electricity storage, relying instead on heat storage (along with other measures noted in Section 2).
California has mandated 1.3 GW of storage to be procured by its power companies by 2020, a
relatively modest amount as California reaches 33% renewables (23).

Numerous energy storage roadmaps have been published in recent years, casting light on
how energy storage may evolve in the future, considering technologies, policy, economics, and

www.annualreviews.org • Grid Integration of Renewable Energy 233

A
nn

u.
 R

ev
. E

nv
ir

on
. R

es
ou

r.
 2

01
6.

41
:2

23
-2

51
. D

ow
nl

oa
de

d 
fr

om
 w

w
w

.a
nn

ua
lr

ev
ie

w
s.

or
g

 b
y 

or
de

rs
@

m
ar

tin
ot

.in
fo

 o
n 

01
/1

2/
17

. F
or

 p
er

so
na

l u
se

 o
nl

y.



EG41CH09-Martinot ARI 22 September 2016 10:20

Dispatchable
resources: resources
that the grid operator
can directly control;
dispatched according
to market scheduling
or as ancillary services

markets (113–115). A California roadmap, jointly created by the grid operator CAISO, the regu-
lator CPUC, and the state Energy Commission, outlines a future series of actions for planning,
procurement, rates treatment, interconnection, and market participation. An IRENA energy stor-
age roadmap considers the economics and applications of storage, and outlines priority actions
in the areas of system analysis, applications for islands and remote areas, distributed storage, and
utility-scale storage.

Although storage is often considered expensive relative to other grid integration options (26),
storage at transmission and distribution levels is already beginning to provide clear economic
value to transmission and distribution utility companies. As well, private power developers can
sell storage into wholesale and ancillary markets in some jurisdictions where markets allow, or
integrate, storage with their own generating plants (2, 38). Profitable projects and commercial
business models for utility-scale storage are emerging in numerous US jurisdictions, including
California, Hawaii, Mid-Atlantic (PJM), and Texas. One promising storage application has been
the integration of heat storage with solar-thermal power plants, which enables these plants to
produce power for several hours into the evening after the sun has set, making them appear
more like baseload (13, 116). These emerging examples suggest that profitable storage may be a
closer-term solution to grid integration than past scenarios or roadmap project.

4.4. Firm Renewable Energy Plants

Renewable energy plants such as reservoir hydro, biomass and biogas, geothermal, and concentrat-
ing solar-thermal power can also contribute to flexibility. These plants typically can be dispatched
similarly to coal and natural gas plants, and can offer flexibility in terms of start-up time, ramping
rates, and minimum output limits. The IEA (26) calls such plants firm or dispatchable renewable
energy. Many future energy scenarios, particularly those for very low-carbon/low-fossil-fuel tra-
jectories, show firm renewable resources playing significant roles in balancing variable renewables,
mitigating some or all of the need for fossil fuel plants (although potentially with consequences
for the costs and profitability of firm renewables).

Increasingly, jurisdictions with high shares of variable renewable energy are demonstrating that
variable renewable energy generators themselves can be controlled and operated in ways similar
to dispatchable resources, providing both flexibility and ancillary services (2; see also discussions
below on smart inverters and curtailment). Denmark, for example, considers wind power part of
the solution to grid integration, not just the cause of the balancing challenge. In Spain, the grid
operator REE was the world’s first operator to develop centralized, dedicated monitoring and
control of variable renewable energy plants, dating back to 2006. In 2015, REE controlled the
dispatch of up to 96% of the Spanish wind power fleet and was able to change aggregate wind
power generation to any given level (consistent with wind resource) within 15 minutes. Ireland
also appears likely to use its wind power fleet to provide grid flexibility in the future.

5. FLEXIBILITY FROM DISTRIBUTED ENERGY RESOURCES

A wide variety of distributed energy resources can provide flexibility from the demand side of power
systems (2–4, 6, 11, 20, 22, 24, 26, 40, 51, 87, 117). Innovations in flexibility from distributed
energy resources include static energy efficiency improvements aligned to grid needs, demand
management and flexible demand, time-of-use and dynamic retail rate structures, distributed
energy storage options for both electricity and heat, electric vehicle charging and discharging,
and distributed generation coupled with so-called smart inverters. The grid integration literature
covers all of these innovations, although more often as separate topics rather than collectively.
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Overall, the literature on flexibility from distributed energy resources is much less developed
and more recent compared to other grid integration topics. This is partly because real-world
experience in employing distributed energy resources for flexibility is still very limited, relative to
the long-term potential. Thus, for distributed energy resources, a larger portion of the literature
focuses on envisioning what could happen in the future, suggesting new business models and
policies, and documenting lessons and experience from demonstration projects.

5.1. Responsive Load and Demand Response

Responsive load and demand response innovations provide flexibility by enabling power con-
sumption to vary in response to supply-side variability and grid conditions, and thus allow power
demand to play a role in balancing variable renewables (3, 26, 118–127). This means that load can
change in magnitude, or time-shift to other periods in response to a variety of conditions. The
change in load might occur autonomously in response to time-of-use or dynamic retail prices,
or through direct control of the load by the grid operator or a third party, or through the par-
ticipation of demand response resources in competitive wholesale, ancillary, or capacity markets.
Widespread deployment of smart meters, communications, and other enabling smart-grid tech-
nologies facilitates these innovations.

Demand response is most suited to loads that can be time-shifted to later periods without
serious consequence, such as freezers/cold storage, heating, water pumping, and some industrial
processes, particularly if enough inertia or storage capacity is present in whatever is being time-
shifted. A larger class of interruptible loads can participate as load shedding, rather than shifting,
where demand simply goes unserved. To date, most demand response in the United States has been
employed as emergency peak load (and notably for ancillary services in ERCOT), to be used only
infrequently, perhaps tens of hours per year (118, 119). Such traditional use of demand response,
perhaps limited by customer willingness to incur more frequent calls for demand reduction, has
limited its flexibility value. However, examples of demand response employed to provide greater
power system flexibility on a regular (i.e., daily) basis are emerging slowly around the world. In
2014, Germany had approximately 1 GW of demand response feeding into its ancillary markets.
California’s power companies were procuring limited amounts of demand response under reg-
ulatory mandate (23). Direct bidding of demand response as a flexible resource into wholesale,
ancillary, or capacity markets has been emerging in some jurisdictions, for example, PJM (mid-
Atlantic) in the United States (65). Examples of long-term power system planning that has started
to incorporate demand response as a resource in long-term plans can be found in California, the
Canadian province of Ontario, France, and South Africa (2).

New aggregator business models are also part of the picture. An aggregator company might
contract with hundreds or thousands of power consumers, allowing the aggregator to control
certain elements of their power consumption upon receipt of a control signal. The aggregator can
then sell that aggregated demand flexibility to the grid operator, to be activated at the request
of the grid operator, or the aggregator could bid demand reduction into wholesale or ancillary
electricity markets, in the same ways as power generation is bid into these markets.

Electric vehicle smart charging is a form of responsive load, where charging regimes can respond
to dynamic rates or control signals to shift charging demand into the most favorable periods for
the grid, subject to driver requirements for travel (126). Beyond smart charging are vehicle-to-grid
(V2G) and vehicle-to-home (V2H) concepts, where electric vehicles become an integral part of
the power grid and/or home energy system and can dynamically charge or discharge in response to
external signals or dynamic prices (11, 117, 128). Emerging examples of such models can already be
found in Scotland, Japan, and Hawaii, although many challenges still exist (2). An aggregator could
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also aggregate the behavior of large numbers of electric vehicles and sell their battery capacity into
the grid, charging or discharging in response to grid needs for flexibility (depending on market
design and pricing).

Time-of-use and dynamic retail rates have traditionally been used to reduce load at peak times
of day, when power system resources are most strained. But the application of such rates to creating
flexibility at nonpeak times is relatively new, for example during swings in wind power output at
whatever time of day, or to compensate for afternoon ramps as solar output declines. This can
result in novel situations, such as low rates at midday to encourage more demand if solar output
is high, and higher rates later to discourage demand as solar output declines. Some jurisdictions
are just beginning to consider how time-of-use and dynamic rates can be applied to flexibility
needs, or are engaged in dynamic pricing pilots, such as California, Connecticut, Oklahoma, and
Washington, DC (2, 23). In California, CAISO has been considering shifting time-of-use periods
to better match the customer responses desired during times of high solar generation and low
load—i.e., times of high solar shares (129).

5.2. Distributed Generation and Distributed Energy Storage

Distributed generation, typically small-scale biomass or wind or rooftop solar, can also provide
flexibility to the power grid, typically by reducing its output, although in some cases by increasing
its output (e.g., if previously held back on purpose to allow later increases). This can occur au-
tonomously under some programmable regime, when directly controlled by the grid operator, or
when aggregated by an aggregator and sold into wholesale or ancillary markets. For distributed so-
lar power, this typically happens through control by a smart inverter (87, 130). Technical standards,
protocols, and regulatory frameworks for smart inverters are emerging in several jurisdictions, in-
cluding California, Hawaii, and Germany (2). In Germany, all solar systems larger than 30 kW
are required to be controllable by the grid operator. Smart inverters or technically capable wind
turbines can also provide other technical services to local distribution grids, such as voltage and
reactive power support. Revisions and additions to many technical standards related to distributed
generation and smart inverters are key to grid integration, with development currently ongoing,
for example IEEE 1547 standards by the Institute for Electrical and Electronics Engineers in the
United States.

As discussed earlier, many forms of energy storage can provide flexibility, including distributed
storage at the local or building level. In many jurisdictions, there is growing interest in household-
level battery storage, primarily in conjunction with rooftop solar power. However, the economics
of household-level storage depend greatly on the policy situation facing the household. Under
a net metering policy common in the United States, there is no economic incentive for storage
because any power can be sold to the grid at the retail price. In jurisdictions where retail prices
are higher than the grid buy-back rate for power, such as in Germany after buy-back (feed-in
tariff ) rates were lowered drastically in recent years, then the self-consumption economic model
for distributed solar power becomes more profitable, where power that is self-generated and self-
consumed, for example through a local battery, has more economic value to the consumer than
power that is sold to the grid (131). Local battery storage can also reduce peak-demand charges
for commercial customers if they face capacity charges. Governments and/or power companies
in some jurisdictions are beginning to provide incentives or foster distributed energy storage
coupled with solar power, including California, Italy, Japan, and New Zealand (2). For example,
the distribution utility Vector serving the city of Auckland, New Zealand, is installing batteries with
rooftop solar, employing these batteries to reduce peak capacity charges it pays to the transmission
grid operator.
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Thermal loads and storage have long been utilized to shift daytime electricity loads to night-
time for cost savings and to reduce power system peak loads. This same concept is now being
utilized in shorter time intervals and at different times of day to support balancing of variable
renewable energy generation, cost reductions, demand response, and decreased system peak loads
in conjunction with smart communications and controls. A variety of thermal loads and storage
are being employed to provide demand response, including chillers in commercial buildings and
electric water and space heaters in homes, sometimes coupled with thermal storage (2).

The concept of a virtual power plant is another emerging innovation for balancing renewables
that has entered the literature, so far mostly in advancing the concept and documenting the
experience from various demonstration projects that incorporate virtual power plants (45, 57,
132–134). A virtual power plant is some combination of distributed energy resources bundled
together, such as distributed generation, storage, demand response, and electric vehicles, which
all may be individually small and disparately located. Connected together via smart-grid links, with
control and accounting systems, this virtual block of resources can become a dispatchable resource
to the grid, can provide ancillary services, or can be used in local power networks and markets.

6. CURTAILMENT OF RENEWABLE GENERATORS

As more renewable energy is added to power grids, curtailment has emerged as a common response
to grid integration (62, 135–140). Curtailment may occur (a) if there is too much generation at
a given time (an overgeneration condition) and other generators cannot reduce their output fast
enough or have reached their minimum output limits, (b) if there is not enough transmission or
distribution line capacity to handle the renewable output, or (c) because of other grid conditions.
Curtailment of wind and solar power plants causes a downward adjustment in their output, in
spite of their potential to generate more power given prevailing wind or solar conditions. Thus,
curtailment results in “spilled” or wasted generation that could have come from the renewable
generator but is instead lost. Curtailment is often viewed negatively, and the “repercussions of
discarded energy” can include lost revenues, lost incentives, and increased business risk.

There are different types of curtailment, sometimes causing confusion. The CPUC (23) defines
manual curtailment as that ordered by the grid operator in response to system-reliability conditions
and accomplished through exceptional dispatch (direct instruction to reduce/cease output); this is
also called involuntary curtailment and generally regarded as undesirable. Economic curtailment or
voluntary curtailment, however, occurs through the wholesale market, when renewable generators
voluntarily reduce their output in response to market conditions or protocols, for example a
negative wholesale price (see Section 10). Definitions of curtailment vary by jurisdiction (62).

Numerous jurisdictions with high renewables shares around the world currently face curtail-
ment issues (62, 135). China is experiencing the highest levels of wind curtailment of any juris-
diction, with some provinces curtailing 15–25% of wind power output due to insufficient local
demand coupled with lack of transmission capacity to other provinces (2, 136). Other countries
with high levels of wind power, including Spain, Italy, and Ireland, have seen much lower levels,
typically in the 1–3% range. Denmark and Portugal have virtually no forced curtailment. Among
US states, curtailment levels have declined in recent years, and in 2013, wind power curtailment
levels were typically less than 2%. Typical reasons given by US states for curtailment are trans-
mission constraints, high wind ramps, and voltage control. In jurisdictions with high amounts of
solar, such as California, Germany, Italy, and South Australia, very little solar curtailment occurs,
although Hawaii and Japan face unique situations.

There is a large literature on the economics of curtailment, including the economic losses
associated with curtailment, as well as methods to determine the economically optimum levels of
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curtailment that balance the added costs of grid flexibility or network upgrades necessary to reduce
curtailment against the economic losses of curtailment (137–140). One of the key variables is the
degree to which business contracts with renewable generators, market rules, and/or regulatory
provisions assign the economic losses of curtailment to the generator, rather than to the grid
operator or to other market participants. Each jurisdiction is different.

7. TRANSMISSION STRENGTHENING AND GRID BALANCING AREAS

Transmission grid strengthening can be an important measure for grid integration of renewables,
in terms of (a) balancing a broader geographical diversity of resources to reduce flexibility needs,
(b) facilitating cross-border exchanges of renewable power, (c) integrating markets together to
create more flexibility, and (d ) providing access to geographic regions of high-concentration or
remotely located renewable resources. Transmission planning has always been a core component
of power system planning, but over the past two decades, transmission planning that specifically
addresses these goals has emerged as a discrete topic of research and policy (2, 3, 22, 24, 26, 28,
31, 34, 40, 41, 58, 66, 68, 69, 141–144).

Many examples exist of transmission planning and investment for serving high-concentration
or remote geographic regions of renewables development (2). China, where much wind develop-
ment has occurred in remote areas, is planning transmission for a series of mega-scale concentrated
wind power “bases” in at least eight provinces. Denmark’s grid operator proactively plans new
transmission capacity anticipating future interconnection of wind farms. Germany has been plan-
ning three major north–south DC transmission lines to relieve the imbalance in locations of wind
generation versus the locations of power demand. Many regions of the United States have extended
transmission to remoter wind power areas, and new regulatory frameworks at state and federal
levels have required or supported such planning, such as Texas’s competitive renewable energy
zones regulatory process (145). Mexico developed a new planning process called open season,
which identifies transmission needs based on planned wind capacity and guarantees authorization
of new transmission (2).

Transmission capacity for regional interchanges of power can also support grid integration,
and many large-scale schemes have been proposed, such as an EU “super grid,” a North Asia
super grid, the EU–North Africa Desertec concept, and the North Sea Countries Offshore Grid
Initiative. Already in Europe, flows of hydropower from Norway and Sweden to neighboring
countries provide significant balancing capacity for those neighbors.

A variety of studies have shown that strengthening interregional transmission capacity and
planning, and expanding grid balancing areas under control of a single balancing authority, either
a transmission system operator (TSO) or an independent system operator (ISO), to cover larger
geographic territories can increase the flexibility of power systems for integrating renewables.
Classic in this field were the National Renewable Energy Laboratory (NREL) Eastern States and
Western States integration studies (142, 143). Higher shares of wind and solar increase the value
of expanded balancing areas, which can provide more load diversity and reserve capacity, as well as
greater “geographic smoothing” of the variability of wind and solar resources (e.g., anticorrelations
across interconnected territories/locations). And even without balancing area expansion, stronger
regional interconnection capacity, sometimes expressed as a share of total power demand (46), can
allow neighboring jurisdictions to contribute to balancing.

Many real-world examples of coordinated transmission planning and balancing area coordina-
tion exist. The European Network of Transmission System Operators for Electricity (ENTSO-E)
annually develops a ten-year network development plan and regional investment plan among its
members. In the United States, the FERC requires regional transmission planners to analyze
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alternative options and develop regional plans. Other examples of interregional coordination and
planning can be found in the West Africa Power Pool, the ASEAN Power Grid initiative, and the
South Asia region (2, 146).

8. DISTRIBUTION SYSTEMS

The distribution system is the part of the grid closest to end-consumers. Historically, distribution
utility companies have not had to be innovators, as their job of load forecasting, grid expansion,
and component replacement was relatively straightforward. And as regulated monopolies or state-
owned entities in most jurisdictions, distribution companies receive a simple fixed return on capital
invested or fixed budgets. With the advent of a wide array of distributed energy resources, the job of
planning and operating distribution grids is getting more complicated, and the traditional business
models and regulatory frameworks of distribution utilities are primed for future transformations.

In the future, distribution utilities will need to plan, operate, and innovate in a variety of new
ways—to manage distributed generation, two-way power flows, demand response, storage, smart
inverters, electric vehicle charging, microgrids, and a host of other trends. Distribution utilities will
need to monitor, collect, analyze, and use data about their grids in completely new ways, and will
need to analytically model their distribution systems to a degree far beyond current practice. Some
call this the “smart utility of the future.” A growing and diverse literature addresses these trends
and the grid integration of renewables at the distribution level (3, 11, 22, 42, 87–90, 134, 147–151).

Among the many potential transformations, new forms of energy-service businesses are emerg-
ing alongside traditional utility business, including the aggregator and virtual power plant models
discussed in Section 5, microgrids, and peer-to-peer energy exchange. And new local energy mar-
kets may emerge, operating semiautonomously to buy/sell and balance local renewable resources
with local storage and demand response. Two examples of visions for such local energy markets
and self-balancing are New York’s Reforming the Energy Vision initiative, which also envisions
local distribution grids providing ancillary services to the grid, and the distribution utility EWE
in northwestern Germany (134, 148). Many distribution utilities are piloting smart-grid demon-
stration projects, as well as fundamentally reexamining how to handle distributed generation,
particularly utilities facing rapidly growing shares of rooftop solar, such as Hawaiian Electric with
its Distributed Generation Interconnection Plan (2). And regulators are grappling with a host
of issues, such as tariffs, smart-inverter standards, control and data protocols, rules governing
physical interconnection to the grid, and regulatory classification of resources.

9. POWER SYSTEM OPERATIONAL MEASURES

There are many power system operational measures that have and can be adopted to assist with grid
integration of variable renewables. These measures have often been among the earliest steps taken
in jurisdictions facing increasing shares of variable renewables, and among the most cost-effective
of all measures because of the relatively small amounts of investment required. Many operational
measures are rooted in innovative analytical methods and modeling of power systems, whereas
others relate to market design and protocols. Operational measures are typically taken by the grid
operator. One early step grid operators have taken when faced with higher shares of renewables is
upgrading their power control and dispatch software, communications, and monitoring. Indeed,
as wind power grew in Spain in the 2000s, the grid operator Red Eléctrica built a new control
center dedicated to wind power.

This section outlines a selection of operational measures. Jones (25) has published a unique
and comprehensive compendium of grid integration literature, a large share of it devoted to
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operational measures. Other good resources for nonengineers include the Massachusetts Institute
of Technology (3), the IEA (26), and the Union of Concerned Scientists (152). The operational
measures are:

� Gate closure: In a power market, where resources are scheduled in advance (typically day-
ahead through real-time scheduling), gate closure is the point before actual generation
occurs, by which time a resource is committed and cannot be changed. Because renewable
forecasting becomes more accurate closer to real time, a shorter gate closure time allows
variable renewables to be scheduled more accurately, reducing imbalances and the need for
flexibility.

� Dispatch interval length and transmission intervals: Dispatch interval is the time between
each new market auction and schedule for generation. In many jurisdictions, dispatch inter-
vals are hourly, but shorter dispatch intervals allow dispatch to adjust to renewable variations
more quickly and accurately, reducing the balancing needs from system reserve capacity.
Grid operators in the United States, Germany, and Denmark have reduced dispatch interval
length to 15 minutes or 5 minutes. Similarly, transmission line scheduling intervals can also
be reduced; for example, US FERC Order 764 shortened intervals from 1 hour to 15 minutes
(63).

� System reliability calculations and coordination: Methodologies and processes for system
reliability calculations, such as for n-minus-one (n − 1) contingency events where a generator
or transmission line is suddenly lost, have evolved in some jurisdictions to incorporate the
effect of variable renewables on the responses to such events. In Europe, the coordinating
organization of EU grid operators, ENTSO-E, also began EU-wide reliability coordination
in the face of increasing shares of variable renewables across Europe.

� System reserve capacity: Grids must maintain minimum levels of reserve capacity for system
balancing and stability and for responding to contingencies. Variable renewables can create
a greater need for reserves and greater challenges for system stability, including the potential
need for additional operational and market measures to ensure frequency response on the
shortest timescales (153–158; see also the discussion on capacity value of variable renew-
ables in Section 3, in terms of higher reserve needs). However, the IEA (26) suggests that
alternative methods of determining necessary reserves, breaking with deeply rooted practice
and tradition, could reduce reserve needs of renewables. Examples include new analytical
methods to look at the probabilities of simultaneous events occurring (using renewable
forecasts), or dynamic reserve allocation that changes reserves as the level of renewables’
variability changes (i.e., partly cloudy versus sunny days). The IEA (26) notes that “institu-
tional ‘inertia’ may pose a significant barrier to revising the definition and size of reserves”
(p. 97).

� Ancillary services from variable renewables: If variable renewables themselves can provide
reserves, i.e., if they can contribute to ancillary services, then reserve requirements from
other dispatchable generators can be reduced. However, the transition from conventional—
inertial—reserves of spinning generators to reserves based on the operation of smart invert-
ers (i.e., with solar power; see also Section 5) poses additional challenges. Several recent
studies discuss the potential for wind and solar resources to provide ancillary services; such
provision already exists in Denmark and Germany and is an emerging feature in some other
jurisdictions (2, 49, 53, 60, 61, 158–160).

� Grid codes: Grid codes are the technical, operational, and planning requirements and rules
for power systems, covering such topics as generator interconnection and operation, grid
operation, generation and transmission planning, and market rules for balancing, congestion

240 Martinot

A
nn

u.
 R

ev
. E

nv
ir

on
. R

es
ou

r.
 2

01
6.

41
:2

23
-2

51
. D

ow
nl

oa
de

d 
fr

om
 w

w
w

.a
nn

ua
lr

ev
ie

w
s.

or
g

 b
y 

or
de

rs
@

m
ar

tin
ot

.in
fo

 o
n 

01
/1

2/
17

. F
or

 p
er

so
na

l u
se

 o
nl

y.



EG41CH09-Martinot ARI 22 September 2016 10:20

Resource adequacy:
planning, investment,
market, and/or
operational processes
to ensure enough
resources are available
to provide a minimum
level of power system
reliability

management, and capacity allocation. A variety of literature proposes enhanced grid codes
for integrating renewables (161, 162).

� Wind and solar forecasting: The incorporation of advanced wind and solar output fore-
casting, based on weather forecasting on timescales from day-ahead to real-time, has be-
come common and highly sophisticated in jurisdictions with high shares of renewables
(163, 164; see also http://www.aemo.com.au/Electricity/National-Electricity-Market-
NEM/Planning-and-forecasting/Solar-and-wind-energy-forecasting). Such forecast-
ing has made a major contribution to integrating and balancing high shares of renewables.
Denmark has taken this innovation farther than most. In real time, the Danish grid operator
updates wind forecasts and compares actual wind output against predictions made the day
before. This information is then used to better forecast wind output over the coming hours.
This process “virtually eliminates errors” in the predictability of wind output, said one senior
manager of the grid operator (54, p. 10).

10. ELECTRICITY MARKET DESIGN FOR GRID INTEGRATION

Electricity market design is a highly complex subject that really dates back to the 1980s, when
restructuring (“liberalization”) of the power sector got underway in many countries, and electricity
systems began to shift from being vertically integrated regulated or state-owned monopolies to
being unbundled market-based sectors with competition at various levels. Market designs vary
greatly around the world, and keep evolving with successive rounds of restructuring, deregulation,
or reregulation. Sioshansi (1) provides an excellent volume exploring current market issues and
market evolution in many jurisdictions around the world.

Many aspects of market design have an important bearing on grid integration of renewable
energy, and a growing literature focuses on how market designs can evolve to better support grid
integration and deliver flexibility in a least-cost manner (2, 26, 32, 40, 41, 57–61, 165–167). This
subject would require an entire article by itself, but a few issues are highlighted here:

� Negative prices: Negative and zero electricity market prices have become an effective market
mechanism for balancing variable renewables, by reducing generation during overgenera-
tion conditions, rather than requiring the grid operator to force curtailment of renewables
directly (167) (and also by encouraging more demand, which can also mitigate overgener-
ation conditions). In Germany, negative prices cause coal and gas plants to reduce output,
and/or export their power to neighboring countries. “Negative prices are not necessarily a
bad thing,” notes Agora (167, p. 2), but they do add economic costs to Germany’s feed-in-
tariff system. Negative prices may also serve as an indicator of relative lack of flexibility of
dispatchable generators; as such, declines in the incidence of negative prices may indicate
growing grid flexibility.

� Capacity markets and resource adequacy: In the long term, electricity system operators,
planners, and regulators must ensure that enough power capacity exists as power plants
are retired and new plants built, a regulatory and planning process often called resource
adequacy. There are ongoing debates in the literature, and in individual jurisdictions, as
to the best ways to ensure resource adequacy (168, 169). Options include direct regulatory
requirements, capacity mandates, capacity payments, capacity markets, and “must run” or
“must offer” obligations. Some jurisdictions rely on energy-only markets without regard to
capacity. As shares of variable renewables increase, the challenge increases to ensure resource
adequacy, and uncertainty exists as to which options will or will not work in the long term. In
recent years, California introduced separate flexible-capacity requirements into its resource
adequacy process (23).
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� Markets for regional power exchange: Integrated cross-border power markets can increase
system flexibility and balancing, as amply demonstrated by Denmark’s strong interconnec-
tion and integration with European and Nordic electricity markets that provides a strong
component of Denmark’s balancing needs. Germany also benefits from the European En-
ergy Exchange for balancing. California and several western states are currently developing
and expanding an Energy Imbalance Market that allows neighboring power grids to help
balance each other, and potentially reduce curtailment and ramping issues, with different
levels of market integration possible (23).

� Ramping markets: System ramping capacity has become a potentially key element in market
designs for integrating renewables, particularly solar, which can create large morning and
afternoon ramps. One example of a ramping market is California, which was in the process
of introducing a new market called the Flexible Ramping Product (23). In this fast-response
5-minute-interval market during ramping periods, the grid operator pays generators to
remain off or run at reduced capacity, so that some generators are available to increase
generation during a subsequent 5-minute interval if ramping needs exceed forecasts. The
payments for remaining off compensate the generator at the market price while off. Gener-
ators can voluntarily bid flexible capacity into this market and potentially earn extra revenue
compared with the normal market. The market will be open to solar, wind, and storage
resources as well.

11. CONCLUSION: RESEARCH, POLICY, AND LONG-TERM PLANNING

Research, policy, and long-term planning needs for grid integration suggested by this review cover
numerous topics and questions. The most important and most immediate topics and questions
are the following:

1. Flexibility assessments for specific jurisdictions, including existing levels of flexibility, flexi-
bility needs, flexibility measures, and least-cost combinations of measures that meet future
needs: What flexibility benchmarks exist? What flexibility characteristics of dispatchable
generation and energy storage are possible, and at what cost? What is the special role of
CHPs coupled with heat storage? What can variable renewables themselves contribute to
flexibility?

2. Roles and flexibility possible from distributed energy resources such as distributed gener-
ation, energy storage, electric vehicles, demand response, and energy efficiency: What are
the potentials considering time-of-use and dynamic rates, end-use equipment, aggregator
business models, electric vehicle charging regimes, and opportunities for embedded elec-
trical and thermal energy storage? How might these resources provide grid services? What
tariffs, standards, control protocols, regulatory classifications, business models, and policies
are necessary to unlock the potential of these resources?

3. Transmission network planning including grid integration considerations: What are the
needs and opportunities for transmission strengthening, interconnection, and balancing area
expansion? What policies can foster transmission to regions of high renewable resources?
What types of transmission are feasible given social and environmental constraints? What
are alternatives such as distributed resources, market design changes, and flexible generation
that might be cheaper than transmission strengthening?

4. New models of distribution system planning and operation: How should distribution grids
evolve to serve two-way power flows, data monitoring and analysis needs, storage, and
demand response? What will be the relative roles and relationships of distribution util-
ity companies, aggregator companies, energy-service companies, consumers, and the grid
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operator? Who will control distributed energy resources in which markets? How might
market boundaries change between the bulk-grid and distribution levels?

5. Long-term power system planning that considers the full range of flexibility measures and
innovations: Considering all the possibilities for additional flexibility to integrate variable
renewables, what are the least-cost approaches and least-cost combinations of measures?
What are analytical frameworks and tools for determining least cost? Should incremen-
tal integration costs be used, or should total system cost under different scenarios drive
planning?

6. Reliability, ancillary services and curtailment: How much curtailment occurs, of which types?
What are the economic losses associated with curtailment, and who bears them? Under what
circumstances does overgeneration create real reliability issues? What is the economically
optimum level of curtailment, given resource mixes and contractual arrangements? How do
the needs for ancillary services change, and what are new ways to meet those needs, including
from renewable generators?

7. Electricity market designs and protocols that respond to the needs of grid integration: How
will market designs affect the quantity of flexible resources in the future? What are the
potential roles of capacity markets; ramping markets; inclusion of distributed generation,
storage, and demand-response into wholesale and ancillary markets; local energy markets
at the distribution-system level that may be semiautonomous or self-balancing; peer-to-
peer energy; negative market prices; economic curtailment of renewables; and resource
aggregators? How can cross-border integration of markets facilitate greater interregional
interconnection and balancing?

8. Policy and regulatory frameworks that support grid integration: Policy makers face fu-
ture challenges of understanding and analyzing grid integration; working across different
technology, investment, and procurement areas that may currently be regulated separately;
capturing the potential of integrated distributed energy resources; and working with grid
operators to achieve least-cost outcomes. How should policy and regulation proceed, while
maintaining reliability, safety, and environmental goals? What institutional changes are sug-
gested, considering electricity, heating, and transport together and considering the interests
of electricity market participants?

The answers to these questions are not simple, and such inquiries will continue well into the
coming decades. The answers, and the policy, business, planning, and operational transformations
implied by the answers, will lead to a high-renewable-energy future at the least cost, with all the
consequent environmental, economic, security, and social benefits.

SUMMARY POINTS

1. Grid integration is of growing importance for attaining high shares of renewable elec-
tricity in power systems of the future. Numerous jurisdictions with already-high shares
of renewables are amassing a wealth of real-world experience with grid integration today,
such as China, Denmark, Germany, Ireland, South Africa, and Spain, and states such as
California, Hawaii, Texas, and South Australia.

2. Shares of renewable energy in many power grids and jurisdictions around the world are
already reaching 20–40% today, including large portions of variable renewables such as
wind and solar, and grids are managing to balance these shares with a wide variety of
measures and innovations, with only modest amounts of energy storage.
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3. Flexibility is a key attribute of power systems for the integration of large shares of variable
renewables. Flexibility already exists, but more is needed and can come from many differ-
ent measures and innovations, including supply-side resources, demand-side resources,
improvements to transmission and distribution grids, operational measures, and market
changes.

4. Assessments of existing flexibility levels, future flexibility needs, costs of flexibility, and
least-cost combinations of measures are needed, but assessment tools are relatively un-
developed. And because all power systems and markets across the world are uniquely
different, solutions are extremely jurisdiction specific, although measures themselves can
be understood generically.

5. Distributed energy resources such as distributed generation, energy storage, and demand
response have a potentially strong but relatively less understood role in future power
system flexibility. Many new innovations and smart-grid technologies, along with new
energy-service business models such as aggregators and new regulatory frameworks, can
unlock these potentials.

6. Market designs and protocols can and should evolve in response to flexibility needs of
variable renewables in a variety of ways, including pricing, dispatch/schedule intervals,
ancillary service (balancing) markets and requirements, capacity markets or other forms
of resource adequacy, regionalization of power markets, and ramping.

7. Power system operational measures, including advanced renewable energy forecasting
(weather forecasting), are among the cheapest and earliest measures. Curtailment of
renewables and/or negative market prices are among the ways renewable variability can
be balanced, and although both are generally considered economically undesirable, they
both have a role to play.

8. Policy makers and regulators face the challenge of understanding and analyzing grid in-
tegration, working across different technology areas (and regulatory divisions), capturing
the potential of distributed energy resources, and working with grid operators to achieve
least-cost outcomes. Long-term planning and regulation should consider the full range
of flexibility measures and innovations.
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Chris J.C. Reason, Andréa S. Taschetto, Alexandre M. Ramos, Ramesh Kumar,
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