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Wind and solar photovoltaic (PV) genera-
tion, no longer alternative energy sources, have grown rapidly 
in the United States and worldwide during the last decade. 
This rapid growth is due to significantly improved technol-
ogy (power electronics, controls, and physical attributes such 
as tower heights and blades), plummeting costs, and vast 
advancements in understanding how to plan and operate reli-
able regional power systems that have high penetrations of 
variable renewable resources. Wind and PVs have become 
mainstays of a clean, reliable, affordable electric grid.

The capital costs for installed wind and PV power plants 
have dropped dramatically in recent years; independent 
sources report wind energy as a least-cost energy resource 
<AU: resource for what?>, and at least one state has 
selected PVs as a least-cost capacity resource <AU: resource 
for what?>. At the same time, this fuel input is cost free, and 
energy from these generation sources has nearly zero mar-
ginal cost.

Wind and PV generation, known as variable generation 
(VG), are primarily energy sources because the “fuel” input 
to these systems cannot be controlled. VG resources, how-
ever, can contribute a fraction of their nameplate capacity 
toward planning reserves, and their connection to the power 
system through inverter-based power electronics allows for a 
fast, accurate control of their output. 

The capabilities of wind and PV generation have evolved 
significantly during the past decade, and these resources 
can contribute to the economics and reliability of the power 
system. As the penetration of VG increases relative to the 
amount of conventional generation and peak demand, there 
is potential for these operational capabilities to grow in value 
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and provide the types of services traditionally delivered by 
conventional synchronous machines.

The range of services is divided into two main catego-
ries. The first, system balance, concerns the operation of 
the power system under normal conditions, when constantly 
changing electric demand, potentially augmented by VG 
output variability, must be compensated by adjustments in 
net resource output. Relevant topics include balancing net 
load (load minus VG generation), regulation, and economic 
dispatch. Although maintaining this balance often involves 
reliability-related aspects, such as maintaining the intercon-
nection frequency within prescribed limits, the primary con-
cern is the economic operation of the power system. 

The second category includes services that are critical to 
maintaining the operational security of the bulk power sys-
tem during and after major disturbances. In this category, the 
economics of power system operation take a backseat to reli-
ability. Relevant issues include frequency response, system 
inertia, and frequency and voltage ride-through capabilities.

VG was initially considered <AU: considered for 
what?> to increase the power system operator’s challenges 
in both of these categories. Technological advancements 

are now providing some power system operators with addi-
tional tools to maximize the delivery of renewable energy 
while reducing system operations cost and enhancing sys-
tem reliability and stability, in some ways even better than 
conventional generators. Numerous studies, new advanced 
analysis tools, and the growing level of experience with VG 
on the power system are all showing that wind and PVs are 
no longer constrained by many physical limitations. This 
article addresses frequently cited misperceptions of wind and 
solar power by focusing on the capabilities that modern wind 
turbines and PV systems can provide to both the balance 
and security of the bulk power system. As such, this article 
provides an update to 2009 article in this magazine, “Wind 
Power Myths Debunked,” by describing the recent develop-
ment of advanced features of wind and PV power generation 
that can provide many ancillary services that were not envi-
sioned several years ago. When properly incentivized, VG 
can contribute to system balance and control. 

VG Can Contribute to  
System Balancing Needs
Two of the primary balancing functions are automatic gener-

ation control (AGC) or AGC (reg-
ulation) and economic dispatch. 

System Balance
The operational planning cycles in 
bulk system operations, whether 
under wholesale energy market 
structures or in vertically inte-
grated utility settings, have the 
objective to position the system 
to meet the net load and to pro-
vide the range of services needed 
to guarantee operational security 
on multiple timescales. As shown 
in Figure 1, this involves sched-
uling generators the day before 
via a process called unit com-
mitment based on the forecasted 
net load. In real time, available 
generating capacity is dispatched 
to meet the continually changing 
net load. Load following capac-
ity is adjusted manually, on a fre-
quent economic dispatch cycle, 
or through the operation of sub-
hourly energy markets to track 
changes in net load on a timescale 
between 5 min and 1 h. Computer-
controlled “regulation” from AGC 
redispatches capacity on a second-
to-minute basis to support inter-
connection frequency control (60 
Hz in North America). 
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figure 1. The demand for electricity is constantly changing so operators have pro-
cesses that allow generation output to change while maintaining the required balance 
between generation and load.
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Traditionally, demand for elec-
tricity tends to peak in the after-
noon or evening and is low in 
the middle of the night. System 
operators use intermediate units, 
such as combined-cycle gas units, 
to follow the load, whereas less-
expensive base-load units run at 
high output 24 h per day. 

Large amounts of VG change 
the way the system is oper-
ated. The variations in net load 
and short-term uncertainty are 
increased, thereby increasing the 
amounts of required regulating 
capability and increasing load 
following or ramping to meet the 
increased variability of the net 
load. In some regions, wind power 
output can be higher at night when 
demand is low, which can make 
the traditional operating para-
digm more difficult <AU: more 
difficult for what? to use?>. When the base-load units are 
generating at their minimum output level and additional 
wind energy is available, wind energy must be curtailed or 
a base-load unit must be decommited. The economically 
rational solution is usually to decommit the base-load unit  
because it burns fuel and wind energy does not. However, 
if the base-load unit has a long shutdown/start-up period, it 
may be impossible to decommit the unit and have it avail-
able, if needed, the next day, .

Wind down-ramps can also be challenging because the 
operator needs adequate up-reserves to compensate for the 
reduced generation. Wind forecasting can often predict 
down-ramps but there may be a timing error (the down-ramp 
may occur sometime before or after its prediction). The 
geographic diversity of wind is very helpful for smoothing 
out these issues. On the other hand, solar output is easier 
to predict—we know when the sun will rise and fall every 
day, although partly cloudy days can make forecasting dif-
ficult. The geographic diversity of solar helps with variability 
caused by cloud movement, but the sunrise and sunset ramps 
require power system operation throughout much wider geo-
graphic regions for mitigation by diversity. Managing large 
amounts of PV generation requires being able to manage the 
sunrise and sunset ramps while reducing other generation 
midday to accept the PV generation. 

VG Can Provide Regulation/AGC Services
More sophisticated approaches have emerged and been 
implemented in recent years to reduce the incremental bur-
den that VG may bring to system balancing. For example, 
wind power plants currently provide regulating reserves 
in the Xcel/Public Service of Colorado (PSCO) balancing 

authority area. In 2014, PSCO had 19% wind and 1% solar 
energy penetration on its system. With a 33% renewable 
portfolio standard by 2020, these levels are expected to 
increase. This system is fairly small; it has a peak load of 
7 GW, and more than half of the energy comes from coal. 
It can be challenging to balance a small system with large 
amounts of coal generation and high VG penetrations. For 
example, PSCO reported that wind served more than 50% 
of the load during 6% of the hours in October 2014, and it 
reached a peak of 60% on 24 May 2013, between 1 and 2 
a.m. When loads are low at night and wind is high, PSCO 
has to decide between deeply cycling their coal-powered 
plants or curtailing wind power output. In 2011, PSCO quan-
tified the trade-offs between these options and found that 
total costs were remarkably similar. The company chose the 
wind curtailment protocol, which provides two benefits:

✔✔ Coal cycling costs have high uncertainty, and reduced 
cycling can avoid potential high-impact, low-probabil-
ity events.

✔✔ Curtailed wind can provide an upward regulating reserve.
Wind can be curtailed manually through a block curtail-

ment, which is a reduction in wind power plant output by a 
fixed amount for a period of time with little if any changes 
in wind output. Figure 2 shows wind power plant potential 
(pink), actual wind power plant output (blue), and area con-
trol error (ACE, in yellow) during a windy night. The ACE 
was high (the PSCO balancing authority area was generat-
ing more than its load), so at 2:45 a.m., the system opera-
tor block-curtailed the wind from its output of more than 
500 MW down to 300 MW. The ACE immediately dropped 
toward zero but then dropped too low (PSCO was consum-
ing more than it was generating). At 4 a.m., the operator put 

600

500

400

300

200

100

0

–100

–200

ACE

Park Potential

Wind Farm
Metered Generation

At 2.45 a.m., RT
operator initiates
curtailment to 300 MW
due to high ACE.

At 4 a.m., RT operator initiates
AGC regulation. Note that the
ACE stays within ±50.

2:
25

:0
0 

a.
m

.
2:

35
:0

0 
a.

m
.

2:
45

:0
0 

a.
m

.
2:

55
:0

0 
a.

m
.

3:
05

:0
0 

a.
m

.
3:

15
:0

0 
a.

m
.

3:
25

:0
0 

a.
m

.
3:

35
:0

0 
a.

m
.

3:
45

:0
0 

a.
m

.
3:

55
:0

0 
a.

m
.

4:
05

:0
0 

a.
m

.
4:

15
:0

0 
a.

m
.

4:
25

:0
0 

a.
m

.
4:

35
:0

0 
a.

m
.

4:
45

:0
0 

a.
m

.
4:

55
:0

0 
a.

m
.

5:
05

:0
0 

a.
m

.
5:

15
:0

0 
a.

m
.

5:
25

:0
0 

a.
m

.
5:

35
:0

0 
a.

m
.

6:
05

:0
0 

a.
m

.
6:

15
:0

0 
a.

m
.

6:
25

:0
0 

a.
m

.
6:

35
:0

0 
a.

m
.

5:
45

:0
0 

a.
m

.
5:

55
:0

0 
a.

m
.

figure 2. A wind power plant in the Xcel/PSCO area is the first to manually block cur-
tailed wind and then put it on AGC regulation. The y axis is in megawatts. The resulting 
ACE is shown in yellow.
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the wind power plant on AGC regulation. The curtailed wind 
power plant was able to adjust output up and down as appro-
priate to help keep the ACE within specified limits. At 6 
a.m., the wind power plant was released from AGC. After 6 
a.m., the ACE dropped low again, but at that point the wind 
power plant was producing at its potential, and it could not 
help the system further; this is similar to a thermal unit run-
ning at full power output and therefore unable to provide 
up-regulation. This demonstrates that putting wind on AGC 
can provide a significant improvement compared to manu-
ally curtailing wind. It simultaneously minimizes wind cur-
tailment (note that from 3:20 a.m.–4:10 a.m., the ACE was 
negative and the block curtailment could have ended if the 
operator had finer control over block curtailment) and allows 
wind to provide effective ancillary services to help balance 
the system. 

As wind can provide fast up and down responses without 
the wear and tear that thermal generators incur, it may be in 
PSCO’s interest to use wind to provide as much regulation as 
possible (when it is curtailed) and use the thermal generators 
for any remaining requirements. Wind has been so effec-
tive at providing regulation that 2,172 MW of Xcel’s wind 
generation are now capable of providing AGC when needed. 

The industry has much less experience with PVs on 
AGC, but in principle the mechanics would be the same. 
Several markets (<AU: please spell out SPP, CAISO, PJM, 
NYISO, BPA> such as SPP, the Electric Reliability Council 
of Texas (ERCOT), CAISO, PJM, NYISO, and BPA) allow 
VG to provide downward (and upward, in some cases) regu-
lating reserves, provided they meet eligibility requirements. 
Many markets (<AU: please spell out ISO-NE, MISO, 
IESO> ISO-NE, Midcontinent Independent System Opera-
tor (MISO), and IESO) still do not allow VG to provide reg-
ulation, and some (<AU: please spell out AESO> AESO) 
have rules (regulation is procured day ahead, and suppliers 
must provide it for 60 min) that preclude VG from providing 
it. For regions anticipating high penetrations of VG, it would 
be wise to consider making adjustments to market rules to 
allow VG (or any other resource, such as load, as long as it 
meets eligibility requirements) to provide regulation. 

There is a cost and limit, however, to using this cur-
tailed energy to provide system support. Wind curtailment 
is achieved by either automated market-based mechanisms, 
such as the MISO dispatchable intermittent resource (DIR) 
economic dispatch or through manual directives by the sys-
tem operator. Usually the most expensive plant is curtailed 
first to alleviate system congestion or maintain system bal-
ance. The economic compensation provided to the wind 
power plant varies and depends on the specifics of the power 
contract. Output from individual turbines can be reduced 
in seconds to provide downward reserves and ramping sup-
port. Output from curtailed wind turbines can be increased 
quickly, on the order of seconds to tens of seconds, to pro-
vide frequency, upward reserve, and ramping services. 
Curtailment from PVs is achieved by controlling inverter 

output, and therefore it acts on very short timescales of frac-
tions of seconds. This turns wind and PVs into dispatchable 
resources, but it is at the economic cost of reduced energy 
output. Therefore, the economic choice to curtail VG at any 
given moment reflects the trade-off between the instanta-
neous value of the energy produced and the value of upward 
reserves provided. This economic trade-off is further com-
plicated for wind (in the United States) for projects utilizing 
production-based subsidies. However, some positive feed-
back may exist. For example, thermal generators that stay 
online to provide upward reserves and subsequently force 
wind to curtail could instead be decommitted if the curtailed 
wind provides the upward reserves.

VG Can Be Economically Dispatched
There can be times when the system is constrained with too 
much generation and not enough demand and/or transmis-
sion to move the energy. Managing this type of overgenera-
tion condition is most effective if the solution is incorporated 
directly into the economic dispatch process, which (under 
normal conditions) requires no direct operator intervention 
and can be done very quickly and cost effectively. MISO 
manages more than 14 GW of wind generation in its market 
footprint. The continued growth of wind generation, espe-
cially in the western areas of its territory, has created local 
transmission congestion issues during certain periods that 
were traditionally managed by manual curtailments of spe-
cific wind generation facilities. In 2011, MISO implemented 
the DIR protocol, which effectively places wind power 
plants on AGC under control of the MISO real-time market 
systems. This resulted is an overall reduction of curtailed 
renewable energy delivery along with a much higher level 
of operational efficiency and transparency. Figure 3 shows 
the monthly downward dispatch of energy as a percent of 
the economic maximum. According to MISO, approximately 
95% of wind energy’s potential can be captured through eco-
nomic dispatch. All new wind generation facilities in MISO 
must register as DIRs, and more than 80% of wind genera-
tion in MISO is dispatchable. 

VG Can Contribute to  
Operational Security
As the instantaneous penetration of VG resources increases, 
there is greater interest in wind’s potential impacts on main-
taining the operational stability and security of the bulk 
power system during and after major disturbances. Although 
this has not been studied as extensively as balancing issues 
or widely incorporated into system operation, there is 
increased understanding that VG can provide frequency, 
inertia, and voltage control capabilities that have been tradi-
tionally provided by synchronous generators.
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Frequency Response and  
Synthetic Inertial Control
Frequency response is the overall response of a power system 
to small, routine fluctuations in frequency and also large, 
sudden mismatches between generation and load that may 
result from generation or transmission tripping offline. The 
loss of a large central station generating plant is of most con-
cern. When total demand exceeds total generation, system 
frequency drops. Traditionally, the inertia of synchronous 
machines helps retard the frequency decline, providing an 
opportunity for generating units with governors to increase 
power output to stabilize the system before a frequency-
based disturbance could otherwise occur. 

Among power system operators and utilities, there is a 
concern regarding the degradation of frequency response in 
North America during the past two decades. The decline has 
resulted from various factors, including the withdrawal of 
primary or governor response shortly after an event, the lack 
of in-service governors on conventional generation, and the 
unknown and changing nature of load frequency character-
istics. Large penetrations of inverter-based (or nonsynchro-
nous) generation technologies further complicate this issue. 
Synchronous machines always contribute to system inertia, 
and some fraction of the synchronous generation in opera-
tion at any time has governor controls enabled. By contrast, 
wind and PV plants, in different ways, can provide “synthetic 
system inertia” through a fast frequency response (FFR) with 
a power electronic converter to simulate inertial response, 
and a slower frequency response can be provided through 
electronic governor action. When wind and PV generation 
displace conventional synchronous generation, the mix of the 
remaining synchronous generators changes, and there is the 

potential to adversely impact overall frequency response if 
good engineering practice is not followed.

The impact of nonsynchronous generation on frequency 
stability may appear more quickly in relatively small grids 
with high penetrations of wind because a relatively low wind 
capacity level can comprise a larger percentage of demand 
than in a larger grid.  For example, the combined Ireland and 
Northern Ireland power system has developed a system of 
nonsynchronous penetration (SNSP) ratio to help identify 
operating limits. Eirgrid currently limits SNSP to less than 
50%. In the future, EirGrid expects to raise that limit to 75%. 
This is an issue that much larger systems will face in future 
scenarios of high penetrations of wind and solar. 

Recent research by the National Renewable Energy Labo-
ratory and GE showed that systemwide frequency response 
can be maintained with high levels of wind and solar genera-
tion when local stability, voltage, and thermal problems are 
addressed using traditional transmission system reinforce-
ments (e.g., transformers, shunt capacitors, and local lines). 
The analysis also showed that the limited application of non-
traditional but commercially available frequency-responsive 
controls on wind, PVs, concentrating solar power plants, and 
energy storage are equally effective at improving minimum 
frequency and settling frequency and therefore overall fre-
quency response. For example, Figure 4 shows the benefits 
of dynamic response from VG by comparing the Western 
Interconnection’s frequency for several scenarios studied 
in “Western Wind and Solar Integration Study Phase 3.” All 
traces are for the sudden trip of two of the Palo Verde gen-
erators (2,756 MW) under stressful <AU: is Light Spring 
a town? > Light Spring load conditions when there is less 
additional generation available to respond. In Figure 4(a), 
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the blue base case has 26 GW of renewables. Doubling the 
wind and solar production to more than 50 GW (red high-
mix case) leaves the characteristic of the system response to 
this large generation trip event essentially unchanged. When 
governor controls are added to utility-scale solar PV plants, 
the systemwide frequency response is substantially improved 
[Figure 4(b)].

Frequency and Voltage Ride-Through
To date, wind turbines are the only generators required to 
ride through disturbances. Early wind machines used simple 
induction generators that provided no dynamic grid support 
in the event of a power system disturbance. These turbines 
focused on energy capture rather than grid support. In fact, 
because they had response characteristics different from 
conventional synchronous generators, they were required 
to disconnect if frequency or voltage deviated from nomi-
nal to prevent them from making the situation worse. As 
wind penetration increased, the loss of significant amounts 
of wind generation during a disturbance became a reliabil-
ity concern, and utilities wanted to impose ride-through 
requirements on wind turbines. Wind-turbine technology 
had advanced, and the wind industry supported ride-through 
requirements, but they wanted them to be standardized to 
facilitate product design. With considerable input from both 
the wind industry and the power system industry, the Federal 
Energy Regulatory Commission addressed these concerns 
in 2005 with Order 661A, which requires all new wind tur-
bines to ride through low-voltage events rather than discon-
necting. This order also set power factor design criteria and 
supervisory control and data acquisition requirements for 
wind generators. 

The North American Electric Reliability Corporation 
considered applying the same requirement to all new genera-
tors when it drafted the new standard PRC-024-1, Generator 
Frequency and Voltage Protective Relay Settings. During 

several balloting processes conducted by the North Ameri-
can Electric Reliability Corporation, the industry repeatedly 
defeated the inclusion of an actual ride-through performance 
requirement. Instead, the standard requires only that the pri-
mary protective relays not be set to trip the generator within 
the “no trip zone” of voltage and frequency curves. Conven-
tional generators do not need to ride through an event, but 
wind turbines must still meet the requirement imposed by 
the Federal Energy Regulatory Commission to ride through 
disturbances. Wind turbines are also required to provide 
voltage support if needed by the power system.

Ride-through requirements for distributed PV systems 
are also evolving. Utilities require distributed PV systems 
to disconnect when voltage or frequency is out of bounds. 
This is based on safety concerns to prevent the PV system 
from energizing a portion of the grid that is supposed to be 
de-energized (anti-islanding). As with wind, the require-
ment was reasonable when there was not much PV genera-
tion on the power system, but it is not viable with thousands 
of megawatts of generation that might disconnect during a 
disturbance. Fortunately, anti-islanding technologies have 
improved, and safety concerns can be addressed while hav-
ing distributed PV ride through disturbances. IEEE 1547, 
Standard for Interconnecting Distributed Resources with 
Electric Power Systems, is being modified to allow PV ride-
through. California and Hawaii are requiring ride-through 
capabilities from new distributed PV installations.

Wind Generation’s Evolving Dynamic 
Response Capability 
The evolving dynamic response capability of wind offers 
an example of technical, regulatory, and reliability progress 
for both wind turbines and the electric power industry. Lack 
of dynamic grid support from any generation technology in 
the event of a power system disturbance is problematic both 
because the generator is not helping to stabilize the power 
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system and because it may be displacing generation that 
could. Both the power industry’s understanding and wind 
turbine capabilities have evolved so that reliability is now 
increased with the addition of wind.

These reliability improvements include frequency, volt-
age ride-through requirements, and voltage support, as 
previously discussed. More recently, the ability of wind tur-
bines to actively control the energy injected into the power 
system has been exploited. With electronics coupling the 
generator to the power system, modern wind turbines are 
able to control their output much faster and more accurately 
than conventional synchronous generators. Wind turbine 
control is possible in cycles (milliseconds, which is the iner-
tial time frame) rather than in seconds (the response time 
of conventional generator governors). The rotating mass of 
the wind turbine blades themselves coupled to the short-
term overload capability of the power electronics provides 
an additional source of completely controllable stabilizing 
energy. Unlike conventional synchronous generators, which 
provide uncontrolled inertia response, the response from 
wind turbines is completely controllable. Power system 
transient stability response to a major disturbance involves 
power oscillations as generators swing against each other. 
Studies show that wind turbine “synthetic inertia” provides 
benefits similar to those of synchronous inertia to help the 
power system ride through a disturbance while also damp-
ening undesirable oscillations. Figure 5 shows the superior 
stability response of doubly fed asynchronous wind turbines 
compared to conventional synchronous generators following 
a grid disturbance. 

Additional Sources of Flexibility
Although wind and solar generators can provide fast and 
accurate control, integrating additional wind and solar gen-
eration is often aided by broadening the power system oper-
ator’s suite of flexible resources. These sources can allow 
decommitting conventional generation and increasing the 
amount of renewable energy that the power system is able 
to reliably and economically integrate. Existing resources 
often can be operated in a flexible manner if there are incen-
tives and if the institutional structure does not prevent it. 
Two groups of relatively new emerging sources are demand 
response and other sources of flexibility.

Demand Response
Demand response can allow conventional generation that 
would otherwise be kept online to be decommitted to pro-
vide fast reserves. Historically, a utility would ensure that 
adequate unloaded conventional generation was online and 
had active governors to ensure that power system frequency 
could recover from the worst credible contingency without 
triggering any underfrequency load shedding. For example, 
it could be challenging for ERCOT to keep the frequency 
nadir above 59.4 Hz immediately after a major contingency 
if light load and abundant wind generation had displaced 

much of the conventional generation. Rather than relying 
exclusively on generator response, ERCOT has found that 
FFR from load (FFR that responds in fewer than 30 cycles 
once system frequency reaches 59.7 Hz) provides at least 
the same reliability benefit as conventional generation pro-
viding primary frequency response (PFR). For example, at 
low load, high wind conditions, as shown in Figure 6, it was 
found that 1,400 MW of FFR provides the same reliability 
benefit as 3,300 MW of conventional generation providing 
PFR. This shows that FFR from load can be 2.35 times as 
effective as the frequency response from conventional gen-
eration. In addition, decommitting conventional generation 
operating at low load simply to provide PFR also reduces 
wind and solar curtailment, which reduces emissions and 
saves money. Carrying the same reserves with wind or solar 
would require spilling zero marginal cost energy to create 
the response headroom. Although renewables could provide 
the reliability response, obtaining the response from the load 
allows the renewables to supply more energy, and ERCOT 
has found this to be more cost-effective.

Other Sources of Flexibility
Improvements in conventional generation flexibility also 
help with effective renewable integration. Fast-start recip-
rocating engines and combustion turbines that have lower 
minimum loads and higher efficiencies and can be started 
within minutes without incurring start-up costs can help 
provide ramping and nonspinning reserves. Shortening the 
start-up time (and lowering the start-up cost) lets the system 
operator delay response until wind and solar conditions are 
more certain, which improves forecast accuracy and reduces 
the requirement for online reserves. Retrofitting existing 
conventional generators to reduce start-up times, minimum 
loads, and cycling costs provides similar benefits. Storage 
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provides similar technical benefits and should be used when-
ever it is the least-cost resource.

Power System of the Future
Increasing amounts of wind and PVs, which are largely 
connected to the electricity grid by nonsynchronous power 
electronic converters, is part of a bigger trend in the evo-
lution of power systems. This trend also includes increased 
levels of power electronics embedded in loads (e.g., mod-
ern electronic loads) and transmission (e.g., high-voltage dc 

transmission). The more distributed nature of wind, PVs, and 
other forms of generation (e.g., combined heat and power) 
along with more active consumer participation are all con-
tributing to a dramatic shift in the nature and characteristics 
of the future electricity grid. These changes create the need 
for more physical flexibility that can be sourced from many 
different assets on the electricity grid. 

The island of Ireland is an interesting example in which 
the increase in nonsynchronous generation is necessitat-
ing the development of both innovative wind power plant 
controls and holistic solutions. These solutions include 
advanced wind turbine controls (i.e., synthetic inertia), fast 
demand response, and synchronous generators capable of 
riding through larger frequency swings all within the regu-
latory and market framework. ERCOT also found that fast 
demand response is more effective than the response from 
conventional generator governors in stabilizing the power 
system after a major disturbance.

As the system continues to evolve toward higher levels 
of VG, this market framework must provide the appropriate 
signals to incentivize sufficient flexibility in both the opera-
tional and investment time horizons. Not only is a sufficient 
level of capacity required to meet future demand, but the 
nature of this capacity is fundamentally different than it was 
in the past because of the need for flexibility. This issue is 
explored in more detail in the accompanying article in this  
issue by Ahlstrom et al.

It is also important to note the rapid spread of distrib-
uted generation. This will have a larger impact on transmis-
sion and distribution systems in which the current planning 
is still largely centralized. The challenge of the electricity 
industry is twofold: first, there must be a vision of a market 
structure that accommodates these changes, and second, a 
transition is needed that can be done with minimal disrup-
tion, both physically and financially. 

Summary and Conclusions
Wind and PV generation have emerged as mainstream 
energy resources that have increasing economic competi-
tiveness in many power systems around the world. With 
increased deployment, there is also a more fundamental 
understanding of VG’s characteristics, impacts, and benefits. 

table 1. Evolving Characteristics of VG Technologies.

Characteristic Old New

Dispatchability Uncontrollable, “must take” Dispatchable through participation in economic dispatch

Forecast/uncertainty Unpredictable Increasingly forecastable

Variability Highly variable over multiple timescales Very short-term variability largely mitigated via spatial 
diversity

Reserve requirements Requires dramatic increase in operating 
reserves from thermal units

Relatively small increase in regulation required. Can self-
provide multiple reserves across multiple timescales with 
selective/economic curtailment

Grid support Provides no grid support/decreases grid 
stability

Can provide multiple grid support services
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The traditional “old” model of VG, shown in Table 1, has 
been replaced by a “new” model based on detailed opera-
tional simulation as well as years of real-world experience in 
systems throughout North America and Europe. 

This more mature approach to assessing the impacts and 
benefits of VG recognizes the ongoing challenges to inte-
gration at increased penetration levels. VG increases the 
net variability and uncertainty on the system, and therefore 
more creativity and flexibility is required to maintain reli-
able operation. In response, system operators and planners 
have discovered and developed a larger set of flexibility 
options both in methods to operate existing grid assets and 
to deploy new technology options. On the generation side, 
these options range from reexamining historical operating 
practices for operating traditional thermal generation to 
exploiting advanced capabilities of VG itself. On the demand 
side, new markets may tap significant flexibility from dis-
patchable loads. Developing these flexibility resources in 
the most cost-effective manner requires ongoing assess-
ments of the various options. With proper incentives and 
market designs, all flexibility options, including provisions 
of multiple flexibility services from wind and solar, can be 
deployed to minimize the overall costs of a clean, reliable 
power system. 
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Callouts:

There can be times when the system is constrained with 
too much generation and not enough demand and/or trans-
mission to move the energy.

This more mature approach to assessing the impacts and 
benefits of VG recognizes the ongoing challenges to integra-
tion at increased penetration levels.

With proper incentives and market designs, all flexibility 
options can be deployed to minimize the overall costs of a 
clean, reliable power system. 

Integrating additional wind and solar generation is often 
aided by broadening the power system operator’s suite of 
flexible resources.

Demand response can allow conventional generation that 
would otherwise be kept online to be decommitted to pro-
vide fast reserves.

Among power system operators and utilities, there is a 
concern regarding the degradation of frequency response in 
North America during the past two decades.
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