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Comment on “Air Emissions Due to Wind and Solar

Power”

Andrew Mills,∗,† Ryan Wiser,† Michael Milligan,‡ and Mark O’Malley¶

Energy Analysis Department, Lawrence Berkeley National Laboratory, Berkeley, CA;, National

Renewable Energy Laboratory, Golden, CO;, and School of Electrical, Electronic and

Mechanical Engineering, University College Dublin, Dublin, Ireland

E-mail: ADMills@lbl.gov

Katzenstein and Apt (1) investigate the important question of pollution emission reduction

benefits from variable generation resources such as wind and solar. Their methodology, which

couples an individual variable generator to a dedicated gas plant to produce a flat block of power,

is, however, inappropriate. For CO2, the authors conclude that variable generators “achieve ~80%

of the emission reductions expected if the power fluctuations caused no additional emissions.”

They find even lower NOx emission reduction benefits with steam injected gas turbines and a 2-4

times net increase in NOx emissions for systems with dry NOx control unless the ratio of energy

from natural gas to variable plants is greater than 2:1. A more appropriate methodology, however,

would find a significantly lower degradation of the emissions benefit than suggested by Katzenstein

and Apt.

As has been known for many years, models of large power system operations must take into

account variable demand and the unit-commitment and economic dispatch functions that are prac-
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ticed every day by system operators. It is also well-known that every change in wind or solar

power output does not need to be countered by an equal and opposite change in a dispatchable

resource (2). The authors recognize that several of their assumptions to the contrary are incorrect

and that their estimates therefore provide, at best, an upper bound to the emissions degradation

caused by fluctuating output. Yet they still present the strong conclusion: “Carbon dioxide emis-

sions reductions. . . are likely to be 75-80% of those presently assumed by policy makers. . . We

have shown that the conventional method used to calculate emissions is inaccurate, particularly for

NOx emissions.”

The inherently problematic methodology used by the authors makes such strong conclusions

suspect. Specifically, assuming that each variable plant requires a dedicated natural-gas backup

plant to create a flat block of power ignores the benefits of diversity. In real power systems, opera-

tors are required to balance only the net variations of all loads and all generators, not the output of

individual loads or generators; doing otherwise would ensure an enormous amount of unnecessary

investment and operating costs. As a result, detailed studies that aggregate the variability of all

loads and generators to the system level find that the amount of operating reserves required to reli-

ably integrate variable resources into the grid are on the order of 10% of the nameplate capacity of

the variable generators, even when up to 25% of gross demand is being met by variable generation

(3–5).

The authors’ implicit assumption that incremental operating reserves must be 100% of the

nameplate capacity of the variable generation, and be available at all times to directly counter that

variability, excludes the option of decommitting conventional units when the load net of variable

generation is low. In real power systems, generation response to wind variation can typically be

met by a combination of committed units, each operating at a relatively efficient point of their fuel

curves.

In the supplemental material we conceptually demonstrate that the CO2 and NOx efficiency

penalty found by the authors can be significantly reduced by considering the unit-commitment

decision with just five plants. Real systems often have tens to hundreds of plants that can be com-
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mitted and decommitted over various time frames. Ignoring the flexibility of the unit-commitment

decision therefore leads to unsupportable results.

A number of analyses of the fuel savings and CO2 emission benefits (6) of variable generation

have considered realistic operating reserve requirements and unit commitment decisions in models

that include the reduction in part-load efficiency of conventional plants (3). The efficiency penalty

due to the variability of wind in four studies considered by Gross et al. is negligible to 7%, for

up to a 20% wind penetration level (7) In short, for moderate wind penetration levels, “there is no

evidence available to date to suggest that in aggregate efficiency reductions due to load following

amount to more than a few percentage points” (8). As such, other studies using a more appropriate

methodology have found a much smaller CO2 penalty from variability than found by Katzenstein

and Apt.

Less information is available on the NOx emission penalty. Results from recent state-of-the-art

integration studies in the U.S. indicate, at the very least, clear NOx emission reduction benefits

from variable generation. NOx reductions estimated in these studies are discussed in more detail

in the Supporting Information. Denny and O’Malley similarly find NOx reduction benefits when

forecasting is used in the unit-commitment decision.

In sum, though Katzenstein and Apt consider part-load efficiencies and emissions during ramp-

ing, they ignore several salient features of real power systems, particularly diversity and the unit-

commitment decision. Ignoring diversity leads the authors to implicitly assume 100% operating

reserves, when detailed studies indicate that just 10% operating reserves may be required. Ignoring

unit-commitment leads the authors to potentially far overstate part-load efficiency penalties, and

therefore to also overstate the CO2 emission penalty associated with variable generation. Though

the potential size of a NOx emission penalty is not as well addressed in the extant literature, de-

tailed integration studies in the U.S., at the very least, indicate that wind and solar decrease NOx

emissions.
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Demonstration that the CO2 and NOx efficiency penalty for wind and solar presented by Katzen-

stein and Apt can be reduced through consideration of the unit-commitment decision, NOx emis-

sion reduction results from recent integration studies, and clarification of CO2 emissions reduction

benefits of wind from (9) are available in the Supporting Information. This is available free of

charge via the Internet at http://pubs.acs.org.
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Introduction

In this section we demonstrate the that the CO2 and NOx emissions penalty found by Katzenstein

and Apt can be significantly reduced by considering the flexibility offered by the unit-commitment

decision with just five plants. We begin by clearly identifying the source of the CO2 emissions

penalty—inefficiney associated with operaitng plants at part-load. We then show that this penalty

can be reduced by turning off plants during times with significant variable generation. We apply

similar analysis to NOx emissions to demonstrate that even the NOx emissions penalty is highly

sensitive to unit-commitment decisions. Finally, we summarize the NOx emission reduction of

wind energy from a number of integration studies that consider realistic operating conditions and

clarify results from Denny and O’Malley (2).

General Efficiency Penalty

The CO2 emission penalty found by Katzenstein and Apt is proportional to the efficiency penalty

from running plants at part-load.1 At part-load, the efficiency of power plants tends to be reduced.

A reduction in efficiency can be represented by the increase in the plant heat rate (thermal energy

consumed per unit of electrical energy produced). Figure S1 shows a typical heat rate curve of a

power plant as a function of the power plant output. Following the assumptions of the authors, the

output of the gas plant at any instant of time, P(t), is a function of the penetration of wind, α(t):

P(t) = Pmax(1−α(t))

The total fuel used in each hour without wind, fα=0 (MMBTU/h), is simply the product of the

heat rate of the plant at a zero wind penetration, HRα=0 (BTU/kWh), and the power output level

1The authors found that the ramp-rate had such a small effect on the CO2 and NOx emissions rate for the 501FD
plant that the ramp-rate was not included in their regression formula. The CO2 results for the LM6000 similarly
indicate that the ramp-rate does not substantially affect the CO2 emissions rate.
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of the flat block of power:

fα=0 = HRα=0Pmax10−3

Increasing the wind penetration, according to the authors’ model, will lead to lower fuel con-

sumption at the expense of increasing the average heat rate of the gas plant due to the part-load

efficiency penalty. The fuel use with wind, f (α)(MMBTU/h), is the product of the heat rate at

part-load, HR(α), and the “fill-in power” of the gas plant, Pmax(1−α):

f (α) = HR(α)Pmax(1−α)10−3
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50,000
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n = 1

Fuel Use without 

Wind

Fuel Use 
with Wind

 (80% Penetration)

Figure S1: A typical heat rate curve for a power plant increases at part-load. Decreasing the power
output from the gas plant leads to an overall decrease in fuel consumption, but fuel savings are
lessened by the increase in heat rate.
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The difference in fuel consumed without wind relative to with wind is simply:

Fuel Savings = fα=0− f (α) (1)

Following the terminology of Katzenstein and Apt, the “expected” fuel reduction is based on

the assumption that the heat rate does not decrease with part-load (HR(α) = HRα=0). From Eq.

1, the expected fuel reduction is then:

Expected = HRα=0Pmax10−3−HR(α)Pmax(1−α)10−3 = Pmax10−3HRα=0α (2)

The expected fuel reduction from Eq. 2 is just the product of Pmax10−3 and the area labeled A

in Figure S2.

From Eq. 1, the “predicted” fuel reduction that occurs when accounting for the increasing heat

rate under part-load is:

Predicted = HRα=0Pmax10−3−HR(α)Pmax(1−α)10−3

= Pmax10−3 (HRα=0α− ((HR(α)−HRα=0)(1−α))) (3)

The predicted fuel reduction from Eq. 3 is just the product of Pmax10−3 and the area A-B in

Figure S2. The area B is the increase in fuel consumption that occurs when the power plant is

part-loaded. This area is also therefore referred to as the efficiency penalty.

The ratio of the predicted emissions to the expected emissions, η , is then just the ratio of area

A-B to area A.

η =
Predicted
Expected

=
A - B

A
=

HRα=0α− ((HR(α)−HRα=0)(1−α))
HRα=0α

(4)
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Figure S2: The “predicted” fuel reduction A-B is the difference of the “expected” fuel reduction,
A, and the fuel efficiency penalty due to the plant operating at part load, B. For a given penetration,
the magnitude of the fuel efficiency penalty, B, depends on the height of the heat rate curve while
the expected fuel reduction, A, depends only on the height at full load (α = 0).
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Efficiency Penalty for a Linear Fuel Consumption Curve

Based on Figure S2 it is apparent that the part-load efficiency penalty is highly dependent on the

shape of the heat rate curve. For a given wind or solar penetration level, a higher heat rate curve will

produce a larger penalty while a lower heat rate curve will produce a smaller penalty. Katzenstein

and Apt found that the CO2 emissions curve (and therefore fuel consumption curve) of the SW

501FD was linear with non-zero fuel consumption at zero load. The fuel consumption curve, f

(MMBTU/h), that has non-zero fuel consumption at zero load, f0 (MMBTU/h), and increases fuel

consumption with increasing load at a rate s (MMBTU/MWh) will be:

f (α) = f0 + sP(α) = f0 + sPmax(1−α) (5)

The heat rate curve of a linear fuel consumption curve with non-zero fuel consumption at zero-

load is:

HR(α) =
f (α)
P(α)

=
f0

Pmax(1−α)
+ s (6)

Hence, HRα=0 = f0
Pmax

+ s

Substituting the heat rate curve derived from a linear fuel consumption curve with non-zero

fuel consumption at zero load into Eq. 4 leads to:

η =
s

f0
Pmax

+ s
= constant

Therefore, any pollutant that is emitted in proportion to the fuel consumed in a power plant that

has a linear fuel consumption curve with non-zero fuel consumption at zero load and no significant

change in emissions with the ramp rate will have a constant ratio of predicted emissions to expected

emissions. This ratio will depend only on the slope of the fuel consumption curve and the ratio of

the zero-load fuel consumption to the capacity of the plant.

S6



Andrew Mills et al. SI: Comment “Air Emissions . . . ”

Efficiency Penalty for System with n Identical Plants

Next we consider a system with n plants, each identical to the plant described previously. The total

fuel use by the n plants is the sum of the fuel use from each operating plant. A plant i with a status,

ui, is considered on if the status of the plant ui = 1. If the plant is off then the status of the plant is

ui = 0. The total output of all plants is assumed to still sum to nPmax(1−α) where in the previous

analysis n = 1. The total fuel use, fn (MMBTU/h), of n plants for a given penetration, α , is:

fn(α) = f0

n

∑
i=1

ui + snPmax(1−α) (7)

For a given number of plants each with a capacity of Pmax and a heat rate curve defined by a

non-zero fuel consumption at zero load, f0, and an increase in fuel consumption with power of s,

and a given penetration, α , the only way to minimize the total fuel consumption is to minimize

the number of plants with a committed status, ui = 1. The total output of each plant that remains

on, ∑
n
i=1 Pi must satisfy the constraint that the power output of the individual plant, Pi, must be

less than its capacity, Pmax. According to Eq. 7, the individual dispatch of each plant that is on,

however, does not impact the total fuel consumption.

The heat rate curve for n plants, analogous to the heat rate curve for one plant shown in Fig-

ure S1, is calculated as:

HRn(α) =
fn(α)

∑
n
i=1 Pi(α)

(8)

The total heat rate curve for n = 5 in which Eq. 7 is minimized is shown in Figure S3. This

figure demonstrates that the ability to turn on and off plants in a real power system reduces the

overall efficiency penalty. In reality, the system operator will only need to balance the net fluctua-

tions from all variable generation plants and loads. Due to diversity in the variability of loads and

generators, the magnitude of the net fluctuations will be smaller than the sum of the fluctuations

from individual loads and generators. The smoothing that occurs as a result allows for better fore-

casting and a relatively small increase in operating reserves needed to manage the net variability

when compared to the nameplate capacity of the variable plants. The smoothing and improved
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forecastability also provides the opportunity to use the flexibility of the unit-commitment decision

and reduce the efficiency penalty for variable generation relative to the conclusions of Katzenstein

and Apt.

0

10,000

20,000

30,000

40,000

50,000

0 0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8 0.9 1

Gas Plant Load: (1- αααα)

Total Heat Rate 
(BTU/kWh)

n = 1
n = 5

B'

A 
"Expected" Fuel Reduction

Figure S3: A heat rate curve for five power plants that are turned on and off depending on the
total demand. For a given penetration of wind or solar (α), the flexibility of the unit-commitment
decision reduces the height of the aggregate heat rate curve and therefore reduces the penalty
associated with part-loading the power plants B’. This reduction in the part-load efficiency penalty
is an extreme case where plants can be turned on and off precisely when needed or not needed.
The aggregate heat rate curve with a real unit-commitment decision would be somewhat higher due
to the need to maintain on the order of 10% operating reserves at all power levels, minimum up
and down times, and ramp rate limitations. All of these factors, however, are included in detailed
integration studies.
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NOx Emission Penalty for n Identical Plants

Similar analysis can be done for the NOx emissions to demonstrate that the unit commitment deci-

sion will decrease the NOx emissions penalty relative to the results presented by Katzenstein and

Apt for the SW 501FD plant that utilizes dry NOx control. The emissions curve (kg NOx/MWh)

was derived from the authors’ regressions of the NOx emissions within various operating ranges.

At 80% penetration the ratio of predicted emissions to expected emissions,
(A-B

A
)
, is -780%, Fig-

ure S4. Simply considering unit-commitment with five plants reduces the ratio of predicted emis-

sions to expected emissions to -90%, Figure S5. Unlike the results for CO2 emissions, the non-

linearity in the NOx emission curve leads to the ratio of predicted emissions to expected emissions

for NOx to depend on the penetration level (ηNOx(α) 6= constant).

NOx Emission Reduction Benefits of Wind and Solar from State-

of-the-Art Integration Studies

Results from recent state-of-the-art integration studies in the U.S., Table S1, indicate, at the very

least, clear NOx emission reduction benefits from variable generation. These studies rely on de-

tailed production cost models with realistic representation of diversity, forecasting, part-load effi-

ciencies, operating reserves, and unit-commitment decisions. The studies include the 2005 New

York Wind Integration Study (3), the 2006 Minnesota Wind Integration study (4), the California

Intermittency Analysis Project (IAP) (5), the ERCOT Ancillary Services Requirements Study (6),

and preliminary results from an on-going study, the NREL Western Wind and Solar Integration

Study (WWSIS) (7). Were unit-commitment decisions with a large number of generators con-

sidered by Katzenstein and Apt, the increased system flexibility could be used to avoid operating

plants with dry NOx control below 50% nameplate capacity—the high NOx region—and would

have resulted in a much smaller NOx emissions penalty without strictly limiting the ratio of energy

provided by natural gas with dry NOx control to variable power plants to greater than 2:1.
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Figure S4: The “predicted” NOx emission reduction for a 501FD when loaded to only 20%, A-B,
is the difference of the “expected” NOx emission reduction, A, and the NOx emission penalty due
to the plant operating at part load, B. For a given penetration, the magnitude of the NOx efficiency
penalty, B, depends on the height of the NOx emission rate curve while the expected NOx emission
reduction, A, only depends on the height at full load (α = 0).
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Figure S5: A NOx emissions curve for five 501FD power plants that are committed depending on
the total demand. Once a plant is on, each is dispatched to minimize NOx emissions. According
to Eq. 7 any redispatch of an idividual plant without changing its status will still minimize fuel
consumption. The flexibility of the unit-commitment decision reduces the slope of the aggregate
NOx emissions curve and therefore reduces the penalty associated with part-loading the power
plants B’.
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Table S1: NOx Emissions Reduction Benefits of Wind and Solar from Various Integration Studies

Study Penetrationa Variable Gen. Energy NOx Reduction NOx Reduction Rateb

Units - TWh/yr metric tons/yr kg/MWh

New York (3) 10% 9-10 5,800 0.6
Minnesota (4) 31% 21 12,400c 0.6
California (5) 15% 27 1,100 0.04
ERCOT (6) 23% 53 6,500 0.12
WWSISd (7) 62% - - 0.37

a - Penetration in capacity terms: nameplate capacity of variable generation divided by peak load.
b - Estimated based on reported annual emission reduction and variable gen. energy except the
WWSIS.
c - Emissions reductions for MN Companies only; does not include emissions impacts outside of
MN.
d - Preliminary results only.

Clarification of CO2 Emissions Reduction from Denny and O’Malley

The authors reference the statement by Denny and O’Malley (2) that CO2 emissions in Ireland

would be reduced by 9% for a wind penetration of 11% as evidence that wind reduces emissions

by only 82% (9%/11%) of the expected reduction for that penetration of wind. It is inaccurate

to attribute the 9% emissions reduction from 11% wind penetration to emissions associated with

the variability of wind. If any new zero-carbon plant is assumed to displace units on the margin

having lower than average CO2 emission rates (e.g. displace natural gas in a system like the Irish

system which has some baseload coal and peat) then the emissions reduction from the new plant

will necessarily be less than 1:1.
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