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The Real Cost of Wind Ener gy * dEbates: Submita

response to this article

The cost of eectricity from wind is about 4 ¢ per kilowatt-hour (KWh) : PUtF"iIShed dEbates for this
according to M. Z. Jacobson and G. M. Masters estimate in their Policy article
Forum "Exploiting wind versus cod" (Science's Compass, 24 Aug., p. " Related articles in Science

1438), making wind energy competitive with new coa-fired generation. " Similar articles found in:
Thereisa1.5-¢/kWh federal credit for wind energy producers, and, in R

addition, consumers are willing to pay a premium for wind. Given this " Search Medline for articles
credit, and a conservative 0.5-¢/kWh green power premium (1), one t[’)ﬁ:Cam"S LE ||

might expect wind producersto bresk even at ~6 ¢/kWh. If their cogts are Masters G v

4 ¢/KWh, producers should make large profits and wind should dominate -

new electric capacity. No such boom is observed; wind generates only g ”::;;‘ ar?gc‘l’;rs‘ecni e this

0.1% of U.S. dectricity and accounts for only 1% of capacity additionsin e

thelast 5 years (2). Two factors-tranamission and intermittency--raise the

real cost of wind and explain the discrepancy between smple estimates of
cost and observed ingtalation of capacity.

* Download to Citation
Manager

Jacobson and Masters propose replacing ~60% of cod capacity with wind farmsin North Dakota that have
an average power of ~130 GW. At this scae, wind is a sgnificant fraction of capacity, and itsintermittency
must be addressed. To derive a conservative estimate for the cost of backup generation under suboptima wind
conditions, suppose that 130 GW of gas turbine capacity isingtaled. Wind power generated beyond the mean
output can be sold, roughly compensating for fuel costs when backup generation is used. The amortized cost of
the gas capacity is~1 ¢/kWh. In addition, Jacobson and Masters dismiss transmission costs, suggesting that
they "can be offset with turbine mass production.” We are unconvinced. The best stesfor wind farms are in the
Great Plains, far from demand centers concentrated on the coasts, o transmission costs must be included if
wind isto supply asgnificant fraction of nationd demand. Using modern HVDC (high-voltage direct current)
technology, transmission costs are ~1.5 ¢/kWh for 2000-km lines (3). Therefore, combining the cost of
backup and transmission adds 2 to 3 ¢/kWh to the cost of wind, partialy explaining the discrepancy between
simple cost estimates and observed behavior.

We believe that the chalenges posed by remoteness and intermittency are surmountable, but it isan
exaggeraion to say that wind is now competitive with cod.

Joseph F. DeCarolis- David W. Kéeith
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Response

We disagree with Decarolis and Keth's key points and bdieve that our conclusons sill stand. First, DeCarolis
and Keith speculate about the intermittency cost of wind (the cost of regulation ancillary service), but thereis
no need to speculate, because a study on this issue has been done. It showed that such costs are about 0.005
to 0.03 ¢/kWh, which isless than 1% of the price of wind energy, and the cost can be reduced further by using
an hour-by-hour persistence forecast (1). In addition, the more turbines a a given wind farm and the more
wind farms there are, the more intermittency of individua turbines cancel each other out (for example, lower
supply from one farm can be made up by greater supply from another) (2).

Asfor the issue of transmisson of wind-generated eectricity, the Nationd Renewable Energy Laboratory
estimates that 175,000 MW of potentiad wind power are within 5 miles (8 km) of existing 230-kV or lower
transmission lines, 284,000 MW within 10 miles (16 km), and 401,000 MW within 20 miles (32 km) (3).
Sites close to tranamission lines would be developed firgt. If North Dakota or other remote locations are fully
developed, the cost of above-ground AC transmission lines range from $120,000 to $340,000 per mile
(~$75,000 to $520,000 per km) (4). Assuming an average cost of $310,000 per km ($500,000 per mile), the
cogt of 10,000 km of new linesis $3.1 billion, less than 1% of the cost of 225,000 new turbines. Over
distances greater than 500 km, HVDC lines are less expendve and lose less energy than AC lines (5). The
transmission cost of 1.5 ¢/kWh that DeCarolis and Keith mention is not supported by the actua cost of
transmission lines, nor would it be applicable over the many decades that transmission lines would be used.

The authors dso use wind cost statistics from past experience, which are not gpplicable to current turbine
technology. Turbines in the past have had relatively high ratios of rated power (P) to diameter squared (D?).
The turbine used in our example (P = 1500 kW, D =77 m) hasalow ratio, giving it agreater capacity factor
than aturbine of the same power but lower diameter (6). Plus, newer turbines are taler than older turbines,
and wind speeds increase with increasing height. As such, one cannot use old statistics to argue againgt new
technology.

Contrary to the authors statement that no wind boom has been observed, wind energy today has the fastest
growth rate of any new source of dectricity in the world. Because the base amount of wind energy is so smdl,
it will take awhile, even a fast growth rates, for wind to gain alarge market share. DeCarolis and Keith dso
mention wind subsidies, but what about current and historic cod and naturd gas subsidies, including
exploration and mining tax credits, preferentia loan interest rates for fossl-fuel power plants, long-term utility
contract subsidies to cod, gas pipeline subsidies, and greater federd funding of cod- and natura
gas-technology programs, not to mention portions of the cost of the U.S. Acid Deposition Program and U.S.
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Environmenta Protection Agency for cleanup and monitoring of pollution attributable to these indudtries: Ir
addition, we should not ignore the costs from cod and naturad gas's exacerbation of acid deposition, urban
smog, human hedth and mortdity, vishility degradetion, and globa warming.

Mark Z. Jacobson,~ Gilbert M. Masters
Department of Civil and Environmental Engineering,
Terman Engineering Center,

Stanford Universty,
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M. Shaheen, Wind Energy Issue Brief 9a (October 1997)
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J. Makens, Upgrading Transmission Capacity for Wholesale Electric Power Trade [modified 17
May 2001], table FE2 (http://Awww.eia.doe.gov/cneaf/pubs _htmi/feat trans capacity/table2.html).
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The capacity factor equation has been verified independently to within 2.8 to 3.5% of our caculation by
Enron Wind, awind power company. They determined the annua energy yield of their 1500-kW, 77-m
turbine (the one used in our example) as a function of mean Rayleigh wind speed { Enron Wind, "1.5
[wind turbine] Technicad Data," figure 2 (cited September 2001)
(http://Amww.wind.enron.com/PRODUCT §/15/15data.html)} . The comparative numbersin units of
kWh/year (divide these numbers by 8760P to obtain the capacity factor) are asfollows:.

Mean Rayleigh wind speed 7m/s 75m/s

Our calculation E = 8760P(0.087VP/D?) | 4.68x 106 |5.26 x 10°

Enron's data 455x 105 |5.08 x 108

[V isthe mean annua Rayleigh-distribution wind speed (mv/second), P isthe rated power (kW) of the
turbine, and D is the diameter of the turbine (m).]
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quence-tag databases or whole-genome se-
quence information. The development of
these tools will be essential for helminthology
questions to compete successfully in the real
world of grant requests and study sections.
The situation resembles the abyss in
which public health officials found them-
selves when Multi-Drug Resistant (MDR)
tuberculosis arose in the late 1980s; there
were few researchers or trained students in-
terested in staying in the field, and no drug
alternatives. The immediacy and threat of
MDR TB rapidly induced funding of high-
risk, technology-driven grants over a period
of 4 to 8 years, which resulted in mycobac-
teria study becoming a vibrant, active field.
For a number of years, several philan-
thropic foundations have recognized the glob-

SCIENCE'S COMPASS

al importance and neglected nature of
helminthic infections. Their efforts have been
critical but not sufficient to sustain the level or
focus of effort needed. We propose an “Affir-
mative Action for Worms” program that could
attract senior and junior scientists from other
fields, foster those few languishing investiga-
tors who know these systems, and entice re-
searchers into the high-risk areas of worm-re-
lated technology development and applied us-
age. A S-year, highly competitive program of
$40 to $50 million, that fostered and integrat-
ed bench and field research with multiple-lev-
el training programs could lead to a real rever-
sal in the current downward spiral of research.
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POLICY FORUM: ENERGY

Exploiting Wind Versus Coal

Mark Z. Jacobson* and Gilbert M. Masters

uch of the recent energy debate in
IVI the United States has focused on

increasing coal use. However, the
cost of wind energy is now less than that
of coal. Shifting from coal to wind would
address health, environmental, and energy
problems.

Energy costs from a new coal power
plant are low [(3.5 to 4 ¢/kWh) (1)], but
coal-mine dust kills 2000 U.S. miners
yearly, and since 1973, the federal black
lung—disease benefits program has cost
$35 billion (2). Coal emissions also cause
acid deposition, smog, visibility degrada-
tion, and global warming; its particles in-
crease asthma, respiratory and cardiovas-
cular disease, and mortality (3). Health
and environmental costs bring the total
costs to 5.5 to 8.3 ¢/kWh (4).

Wind is a clean energy source. We esti-
mate its costs as follows: installing a
1500-kW turbine with a 77-m rotor diame-
ter and design life of 20 years costs $1.5
million (4-7), which pays for the turbine
(80%), grid connection (9%), foundation
(4%), land (2%), electrical installation
(2%), financing (1%), roads (1%), and
consultancy (1%) (4, 7). Amortizing this
over 20 years at 6 to 8% interest gives
$131,000 to $153,000 per year. Adding
annual operation and maintenance (O&M)
(4, 6, 7) leads to an estimated annual cost
of $149,000 to $183,000.

The authors are in the Department of Civil and Envi-
ronmental Engineering, Stanford University, Stan-
ford, CA 94305-4020, USA.

*To whom correspondence should be addressed. E-
mail: jacobson@ce.stanford.edu
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A turbine’s annual energy output (kilo-
watt-hours/year) is about P x 8760 x
(0.087V-P/D?) (7), where P is rated power
(in kilowatts), V' is mean annual wind
speed (meters/second) at rotor height ~50
m, D is rotor diameter (meters), and 8760
is hours/year. With a mean annual 50-m
wind speed of 7 to 7.5 m/s [which occurs
across all of North Dakota, 70% of South
Dakota, and large tracts of the West, Great
Plains, East, and Northeast (8)], the tur-
bine energy produced is 4.7 to 5.2 x 10°
kWh/year. Dividing turbine cost by energy
produced and adding manufacture and
scrapping costs (7) gives the energy cost
of a large turbine as 3 to 4 ¢/kWh. Report-
ed costs for large plus small Danish tur-
bines are 4 ¢/kWh (9). These numbers
suggest that the total costs of wind energy
are less than those of coal energy.

Under the 1997 Kyoto Protocol, the
United States proposed to reduce green-
house gas emissions to 7% below 1990
levels. As of 1999, the target could be sat-
isfied by replacing 59% of 1.89 x 10'2
kWh/year (10) in coal energy with 214,000
to 236,000 turbines, thereby reducing coal-
CO, emissions (499 Tg-C/year) (/1) by
59%. At six turbines per square kilometer,
the turbines could be spread over 194 x
194 km? of farmland or ocean.

Alternatively, every 36,000 to 40,000
turbines could displace 10% of U.S. coal
at a cost of $61 to $80 billion, including
O&M plus initial costs (also the present
value of payments to date from the black
lung—disease benefits program). This
could be supported at no net federal cost
by investing 3 to 4% of one year’s $2.02

trillion budget in turbines and selling the
electricity over 20 years. Similarly, Cali-
fornia could provide 10% of its 1999 elec-
tricity (2.35 x 10" kWh/year) (12) by
buying 4500 to 5000 turbines at 7.5 to
9.9% of one year’s $101 billion budget
and selling the electricity over 20 years.

One concern with turbines is harm to
birds This might be mitgated by siting tur-
bines out of migration paths. Also, turbine
output is unresponsive to electricity de-
mand. This is moot when wind is one of
many energy sources. Finally, remote tur-
bines require extra transmission lines. This
cost can be offset with turbine mass pro-
duction. Government promotion would al-
so catalyze private investment.

By 2000, Germany had 6113 MW of in-
stalled turbines, more than the United
States (2554 MW) or Denmark (2300 MW)
(13). Sweden and Denmark have wind
parks offshore, where winds are faster than
over land. Clearly, the United States has not
maximized its wind potential.
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Don't Dismiss the Midwest's Power Needs 2 November 2001 vd

Dr. Josh Kurutz, In their argument againg wind power, DeCarolis and Keith dismissthis

Postdoctoral Fellow method of power generation in part because the best generation would

University of Chicago, come from the Great Plains, "far from demand centers concentrated on

Chemistry Department the coasts." Even if transmisson costs prohibited transcontinental
power digtribution, Denver, Chicago, Minnegpoalis, Milwaukee, .

Send dEbateresponseto | ouis, Indiangpolis, Detroit, Des Moines, Topeka, Kansas City,

Jlgu,ma': S Winnipeg, Cagary, Saskatoon, Edmonton, and, possibly, Dallas and

e: Don't Dismissthe . . . .

Midwest's Power Needs ~ Houston would benefit grestly from plains-derived wind power. Even
if it cost the same or dightly more, wind power would alow more

E-mail Dr. Josh Kurutz: polluting resources to be made available to the coasts. Just because a

ikurutz@uchicago.edu good energy solution might not benefit Americels coastd cities does
not mean it should be ignored.

Wind vs. Coal 14 November 2001 & v &
Dan S. Golomb, Jacobson and Masters (24 Aug., p. 1438) make the case that

Professor wind-derived dectricity could replace a significant fraction of coa

University of derived dectricity, thereby reducing coa carbon dioxide emissons by

Massachusetts, Lowell up to 59%. The cost of wind-derived dectricity is comparable with
that of coal-derived ectricity. Thereis no doubt that awind turbine
Send dEbateresponseto  does not emit any carbon dioxide (except that emitted by fossil fuels

jF‘;“_ma'f used to fabricate and construct the turbine), and does not emit any of
e: Wind vs. Coal . . . .

the other harmful air pollutants associated with mining, transport, and
E-mail Dan S. Golomb: combustion of cod. But in balancing the cost-benefit equation, we

dan_golomb@uml.edu should be more judicious. Because wind is intermittent, back-up
power generators must be available. Even in North Dakota, arguably
the windiest gate in the United States, winds do not blow dl thetime.
For example, in Bismarck, North Dakota, winds are calm 5% of the
time, and blow less than 3 m/s 40% of the time (1). (The efficiency of
wind turbines declines precipitoudy when winds blow less than 3 m/s)
Thus, wind power cannot replace conventional power generators, but
only displace the fud that conventiond generators would use when the
wind generators are in operation. Many cod fired power plants supply
the base |oad, because they cannat follow the fluctuating demand
during pesk hours. Peak power is mainly supplied by gas or diesdl
fired generators. An efficient combined cycle gas fired power plant
might emit only half as much carbon dioxide per kilowett hour asa
cod fired generator, so the savings in carbon dioxide emissions by
wind generators might be much less than Jacobson and Masters
caculated. Typicaly, the fraction of fuel cost to totd production cost
of pulverized cod fired eectricity generatorsisin the 24 to 30% range,
and of natura gas combined cycle generatorsisin the 48 to 58%
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range (2). Thus, it is not correct to compare the total cost of coal
versus wind generating costs, and tota carbon dioxide emissions of
cod versuswind, but only the fud cost and carbon dioxide emissons
that wind power displaces when the wind generators operate.

Thisis not to say that wind-derived dectricity is not worthwhile. The
savingsin carbon dioxide and other pollutant emissonsarered, as
wdll asthe savingsin fuel cogt. But the cost-benefit equation must be
properly balanced.

References and Notes

1. Data supplied by J. Enz, State Climatologist, North Dakota State
Universty.

2. Same asreference 1. in M. Z. Jacobson and G. M. Masters,
Science 293, 1438 (2001).

Re: Wind vs. Coal 14 November 2001 & v &
Mark Jacobson and We disagree with Golomb's premise and believe that our conclusions

Gilbert Masters il stand. If wind energy replaces 59% of cod energy, then wind will

Terman Engineering  supply about 30% of U.S. dectricity, whereas 70% of eectricity will

Center, Sanford il be supplied by other sources. As such, thereis il plenty of

University backup dectricity even if wind energy for aday hypotheticaly went to

zero, which is not even aremote possibility, given the conastency of
Send dEbateresponseto  daily U.S.-averaged winds. Theissue then is, what is the intermittency
Jlggrgzlf Windvs. Cod cogt (the cost of regulation ancillary service) of wind. A study on this
o ' issue has been performed, and it shows that such costs are about
E-mail Mark Jacobsonand ~ 0-005 to 0.03 cents per kilowatt hour (kWh), which isless than 1% of
Gilbert Masters: the price of wind energy (1). The cost can be reduced further smply
jacobson@ce.stanford.edu  py yging an hour-by-hour persistence forecast at the given location (1).
In addition, the greater the number of turbines a a given wind farm and
the grester the number of wind farms, the more intermittency of
individud turbines cancd each other out. One can imagine a scenario
where winds are dow one day a one wind farm. These dow wind
Speeds can be made up for by power generated at one of several
other farms, where wind speeds are fagter. It should aso be noted that
winds near the coast and offshore are regular and predictable and
subject to less intermittency than winds away from the coast. Based on
the above, we believe it isincorrect to state that wind cannot replace
conventiona power generators. Further, our paper discussed
replacement of cod with wind, but we also believe that new wind
should replace new naturd gas, whose emissions enhance acid
deposition, urban smog, human hedth and mortdity, vighility
degradation, and globa warming, dl of which have red codts. In sum,
we believe our conclusions stand.
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1. E. Hirg, Interactions of wind farms with bulk-power operations and
markets, http:/Mmww.EHirst.com/PDF/Windintegration.pdf, 2001.

2. Danish Windturbine Manufacters Assoc. (2001).

http:/Mmww.windpower.dk/fags.htm
Re: Re: Wind vs. Coal 21 November 2001 & v &
Alfred Cavdlo, | would agree with the letter writersthat it is an exaggeration to say
Physcig that wind is competitive with cod. | have examined the issues of
U.S Department of distance from demand centers and intermittency. My most recent
Energy paper was published in the November issue of JSEE in which |
compared storage costs.
Send dEbate response to
journal: . Intermittent wind generated dectricity can be transformed to a
Re.Re Re Windvs Coa congtantly available power supply economicaly by using compressed
E-mail Alfred Cavallo: ar energy storage (CAES) systems. Codts, including transmission and

alfred.cavallo@eml.doe.gov Storage costs, are computed for aredistic systemin (1).

Transmission lines are not only costly, but quite difficult to Ste.
Nobody wants one in their neighborhood. This can be overcome, but
it takes great diplomacy and politica will to accomplish.

| do believe that wind energy could supply dl of the dectricity needed
by the United States at a reasonable price, but it will cost more than
market priced coal, which does not take into account any
environmenta damage from coa mining, acid rain, or globd warming.
People should be prepared to pay a premium for wind energy, or they
should be prepared to pendize dirty power to reflect itsreal cost.

Thereisindeed aboom in wind energy in Europe, but it is not caused
by chegp (rdative to natura gas or even imported cod) wind power.
Wind power receives premium payments to reflect its atributes. This
same gpproach should be used in the United States, and indeed the
U.S. Production Tax Credit program does just this. The program is
passed for only afew years a atime, then alowed to lapse,
guaranteaing turmoil in the U.S. industry.

Europe has made a policy decision to support clean power a a
reasonable cog, even if it is more costly than fossl fud generated
electricity. The United States should do the same.

References and Notes
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1995).
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We have enjoyed our didog about the cost of large-scale wind energy.
We judge that much - perhgps dl - of our disagreement stems from
differing assumptions, rather than dispute over the factua content such
as the cogt and performance of wind turbines or the cost of
long-distance transmission. With this | etter, we am to make our
assumptions explicit and then respond to Jacobson and Masters
critique of our letter to Science.

We assume the following: 1. Wind energy could redidticdly effect
deep reductions in the environmental damages (air pollution, CO2)
imposed by fossil-based e ectric power systems. 2. In response to the
CO2-climate problem, we expect that it will be necessary to make
deep reductions (over 50%) in electric sector emissons. We are
interested in estimating the cost of wind if it wereto supply a
substantia fraction, on the order of one-fourth, of U.S. demand. 3. If
wind isto be exploited at very large scaes (hundreds of gigawatts of
output), we anticipate that environmentd, aesthetic, and economic
congderations will dictate that the bulk of the wind capacity be located
in the windy regions of the Greet Plains.

Below we address the critiques you raised regarding our |etter.

1. Hird'sanalyss and intermittency. We were impressed by Hird's
andyss, “Interactions of Wind Farms With Bulk-Power Operations
and Markets,” (1). The paper analyzes import of wind energy from the
Lake Benton dte in southwestern Minnesota to the PIM grid. The
andysisis, however, not pertinent to our disagreement about the cost
of intermittency because it treats a case where the wind power supply
istoo smdl to significantly influence the power market. The Benton
aray has asmal capacity (~100 megawaitts) and is being imported
into amassve grid capable of supporting a peak load of 52 gigawatts.
Hirst addresses thisissue by adding awind multiplier parameter, but
hisanalyss il only extends to wind serving less than 10 percent of
generdion. Hird's generd conclusion only supports our intuition: “as
the sze of the wind farm incresses relative to the control areg, the
average priceit receivesfor its output declines.”

2. The economics of backup when wind isbasdoad. Thereisan
additional complication not presented in the Hirst paper that isonly
relevant when wind is treated as basdload capacity. Although
geographicdly disperang turbine arrays can decrease the variance in
wind power output, there will gill be times when turbine output is
minimd. Therefore, there must be a Sgnificant amount of backup
capacity or storage. But because many of these generating or storage
units will be used infrequently only when the wind does't blow, there
use will be smadl and the amortized cost will be spread over fewer
kilowatt hours of production, making the incrementa cost of backup
very expensve. Given points 1 and 2, we think your suggestion that
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the cost of intermittency is of order 0.05¢/kWh isimplausble. We
think our disagreement here is completdly driven by differing
assumptions about wind' s fraction of eectric capacity.

3. Correspondence between wind resources and the existing grid. We
do not dispute your statement that several hundred gigawetts of wind
resources exis within 10 miles of exiging transmisson infrastructure
(2). However, we think that this may not be relevant for three reasons
detailed below.

(8. Economic congderations. Exploiting wind resources close to
exiging tranamission gridsis not necessarily the most cogt-effective
solution. Because wind turbine output exhibits a cubic dependence on
wind speed, wind power output is very sendtive to location. For
ingance, it may be true that ingdling 10 gigawatts of turbine capacity
in the Pembina Escarpment of North Dakota, awind class 5 area, and
trangporting the eectricity to the PIM grid viaHVDC linesis roughly
equivaent in cost to smply ingaling the wind turbines in southwestern
Pennsylvania, in wind classes 3-4 and neglecting transmission codts.
For the same reason, we do not believeit is coincidentd that Hirst
choseto look at whedling wind power from Lake Benton, awind class
6 Ste, to the PIM grid.

(b). Transmisson congderations. In addition to consdering the
location of wind turbines with respect to the existing grid, a
comprehensive assessment of exiging transmisson and digtribution line
capacity of thelocd grid must be performed, as your reference clearly
indicates (2). We would wager that the existing grid located near the
Pembina Escarpment would not support the hypothesized 10 gigawatts
of additiond eectric power from new turbine arrays. As such, we il
believe that long-distance HVDC transmission lineswould be a criticd
component of large-scale wind. Jacobson and Masters say that the
cogt of 1.5 ¢/kWh “is not supported by the actua cost of transmission
lines,” but they provide no reference to other estimates of HVDC
costs. We can cite many studies that show amortized HVDC cogsto
liein the 1-2 ¢/kWh for these distances.

(c). Aesthetic congderations. Although there are substantia wind
resources near population centers (and the grid), we are skeptica that
these would be developed at large scades. For example, where we live
in western Pennsylvania, there are substantial wind resources located
on the mountain ridges, and in principle these could supply power to
the PIM grid. However, to supply substantia power a devel oper
would need to use dmogt dl the ridge tops, which we believe would
be unacceptable to local residents. We judge that aesthetic and
environmenta concerns would push large-scale wind into the Great
Pains.
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4. Wind versus cod. We redize that dectricity production from cod
results in ggnificant environmentd externdities, which must be
addressed. Rather than speculating on the costs of cod externdlities,
we assume that coa with carbon capture may present a comparable
solution to wind by minimizing power plant emissons. Such costs will
likely raise the price of cod to the 5-7 ¢/kWh range (3, 4). Thisisthe
price wind will need to compete againgt. Asfor the cost of wind, we
smply used your clam of 3-4 ¢/kWh for the amortized capita cost of
wind turbines, and are therefore confused by your statement that “the
authors use wind cost gtatistics from past experience.” We do not
serioudy dispute your estimate of the average cost of wind generation
a agiven ste.

We believe that wind may present an economicdly viable dternative to
cod with carbon capture, but to assert that, “the cost of wind energy is
now lessthat of cod” isnot accurate. If it were, we would expect to
see wind dominate virtudly al new capacity inddlations (given the 1.5
¢/kWh tax incentive), rather than smply having the fastest relive
growth rate — not an overly impressive satidtic for an energy
technology that is chegper than cod.

We welcome any feedback and would like to continue this didog.
References and Notes

1. E. Hirgt, Interactions of wind farms with bulk-power operations and
markets, http:// mwww.EHirst.com/PDF/Windintegration.pdf, 2001.

2. M. Shaheen, Wind Energy Issue Brief 9a (October 1997)
(http:/Amww.nati onalwind.org/pubs'wesibrief09ahtm).

3. E.A. Parson and D.W. Keith Science 1998 November 6; 282:
1053-1054.

4. H. Herzog, The Economics of CO2 Separation and Capture,
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Re: Re: Wind vs. Coal 21 November 2001 & v &
Howard Gruenspecht,  Lettersfrom DeCarolis and Keith (Science, Nov. 2) and Golomb

Resident Scholar (dEbates, Nov 14) argue that the cost of contingency reserves to back

Resour ces for the up intermittent wind power omitted from the Jacobson and Magters

Future proposa (Science, Aug. 24, p. 1438) to subgtitute wind for coal on a

massive scae is dgnificant. In response, Jacobson and Masters (Nov.
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2, Nov 14) reference a recent paper by Hirst (1), which they say
shows that these costs are trivid. However, the cited paper explicitly
dates that its ancillary service cost estimates for integrating wind do
not include contingency reserves. Hird's rationae for excluding
contingency reserves, that wind farms (typicaly afraction of 1 gigawatt
(GW) capacity) do not contribute to the need for reserves required to
meset the largest system contingency (typicdly in therange of 1 GW),
clearly does not apply to the Jacobson and Magters proposd to ingtdl
321 to 354 GW of wind in the Dakotas.

Wherewind varidion isthe largest system contingency, asit would be
under the Jacobson and Masters proposal, conventiona reliability
criteriawould require reserves sufficient to meet load under the
camest 1-day-in-10-year wind conditions. With the rapid drop in
generation as wind speed fals below its mean leve (according to
references cited by Jacobson and Masters, generation drops to zero at
roughly 3 m/s), required contingency reserves equd to a sgnificant
fraction of the wind capacity envisoned under the Jacobson and
Magters proposa would be needed. Significantly, Golomb notes that
average windspeed in Bismarck is less than 3 m/s 40 percent of the
time - a sobering congderation, given the likelihood of sgnificant
correation in wind conditions across individud windfarm sitesin North
Dakota.

DeCarolis and Keith dso say that there are likely to be significant
costs of moving power to load centers. In response, Jacobson and
Masters outline a caculation that costs 10,000 km of transmission lines
a $3.1 billion, less than 1% of wind turbine costs. However, 10,000
km provides only 30 km of transmission per gigawatt of wind capacity
added under their proposal. This could perhaps meet local
interconnection and grid enhancement needs, but not the need for
long-distance transmission to load centers. Existing project proposas
provide afirmer basis for estimating the latter cost. For example,
Semens and Black, and Vegich, experienced power system engineers
and vendors, have recently analyzed a plan to add 8 GW of capacity
in North Dakota and connect it to load centersin the Chicago and Los
Angdesareaby HVDC tranamisson.(2) Subtracting generating
capacity cogts from their $15 billion total project cost estimate
suggests a tranamission component cost of roughly $5 hillion. A system
capable of carrying 8 GW from North Dakota to only one load center
would probably cost $3 billion, since two of the three sets of AC/DC
converterswould still be needed. Eight gigawattsisonly 2to 2.5
percent of the power that would be moved under the Jacobsen and
Magters proposd, vaidating the DeCarolis argument that
long-distance transmisson costs are more than noise in the overdl cost
evauation of that proposd.

In addition to the foregoing comments related to previous exchanges,

1/29/2002 4:58 PM



Sdence - Published dEbete reponses for DeCardlis e d., 294 (5544) 1000-1003

90 19

wyswyg://270/ttp:/Awww.stencemeag.org/cgi/d etters 294/5544/1000

Jacobson and Masters focusin therorigina Policy Forum or
comparisons between the levelized costs of new wind and cod plants
is something of ared herring because their actuad proposd involves
replacing generation from exigting cod-fired plants, which cosgts 1 to
1.5 cents per kilowatt-hour, with new wind power. Furthermore, in
cases Where new capacity is needed now, the overwhelming choicein
today's marketsis for gas-fired units, which are both cheaper and
cleaner than cod, but not even mentioned. Information they provide
regarding black-lung deaths is dso mideading in the context of this
aticle. Most black-lung cases reflect past, not current, mining
practices, and the number of black-lung desths would not be
appreciably impacted by the prospective reduction in coa use under
their proposal.

Competition between cod-fired and wind-powered generation will
likely grow increasingly important over time. Each will haveto
overcome fuel-specific hurdles. For wind, these include the costs of
contingency reserves and the need to overcome public objections to
Sting new transmission lines and turbines. For cod, these include the
cods of increasngly stringent controls on conventiond pollutants and
the likely future requirement to capture and sequester carbon
emissions. Notwithstanding the shortcomings of the Jacobson and
Masters anaysis, wind appears well-positioned to provide an
important share of generation capacity additions over the coming
decades.

References and Notes
(1) Hirst. Same reference #1 in Jacobson and Masters, Nov 2

(2) Engineering News Record, June 11, 2001 @
http:/mww.bv.com/bv/news/articles/grid_solshtm
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We thank Cavalo for his contribution to this debate. However, we
believe his letter misstates the comparison made in our paper. Second,
hisimplication that wind power is not cheap relative to natural gas or
cod is contradicted by athird-party andysis of 17 Cdiforniawind
proposals in 2001 that supports our conclusion that the direct cost of
wind is 3 to 4 centskWh. Third, hisimplication that the Production
Tax Credit reflects the attributes of wind is contradicted by the stated
purpose of the credit. Findly, we believe his comments about
transmission lines are misplaced and his cost estimates of transmission
linestoo high.
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Firg, Cavalo implicitly assumes that we compared the direct cost of
new wind with the direct cost of dl (old + new) cod. Instead, our
paper compared (i) the direct cost of new cod with that of new wind,
and (ii) the direct + hedth/environmentd costs of new or old cod with
those of new wind (since the hedth/environmenta costs of old cod are
higher than those of new cod, the total cost islikely to be amilar in
both cases). Nowhere did we discuss the direct cost of old cod with
that of new wind, nor do we believe this matters from a public policy
point of view. From such a point of view, the only rdevant issueisthe
total (direct+hedth/environmental+subsidy) cost of wind versus thet of
cod because whether wind replaces cod isapoalitica, not a
marketplace, decision (regrettably, we did not discuss coal or wind
subsdiesin our origind paper). It is not amarketplace decison
because, even when wind and old cod prices are exactly the same,
thereis no incentive for cod producers merdy to fold up. Codl
producers will fold up only when government decidesto (i) require old
and new cod to diminate emissons, (ii) require old and new cod to
pay for the hedth and environmental damage caused by remaining
emissons and mining, and (iii) reduce the subgdies givento cod in
excess of those given to wind. At the same time, government itself can
promote wind to ensure that new fossil energy does not take alarger
foothold.

Second, we believe our estimated direct cost of energy fromwind (3
to 4 centskWh) is correct for the conditions assumed and is beginning
to be reflected in wind proposals. For example, Bolinger and Wiser

(1, p. 3) calculated the 25-year real costs of 17 wind farm proposals
in Cdiforniain 2001 as 3.2 to 3.7 centskWh, with aweighted average
vaue of 3.6 centskWh. Their analysis so stated that the numbers
were based on proposa information that presumably contained
worst-case estimates for wind.

Third, Cavalo saysthat "wind power receives premium payments to
reflect its attributes...and indeed the U.S. Production Tax Credit
program does just this" Thisisincorrect. The purpose of the tax credit
isto leve the playing fidd in terms of past and current subsidies that
have favored the development of cod and natura gas technologies and
that have kept the price of coa and gas low. Specifically, the House
Ways and Means Committee stated (H. Rpt. 102-474, Part 6, p. 42),

"The Credit isintended to enhance the development of technology to
utilize the specified renewable energy sources and to promote
competition between renewable energy sources and conventiona
energy sources.”

The credit does not address the attribute of renewable energy, namely,
its hedth, environmenta, and climate benefits over naturd gas and
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cod. It addressesinequities in past and present subsidies. Even witl
the tax credit, tax and current direct government subsidies to cod and
natura gas far exceed those of wind. Current tax and other subsidies
for coa and natura gas are in the billions of dollars per year
(http:/mwww.foe.org/DLS for Sarters), whereas subsidies under the
Production Tax Credit are on the order of $100 million per year.

Fourth, we believe Cavalo's comments about transmission lines are
out of context. He States that "transmission lines are not only codtly,
but quite difficult to Ste" We agree with these generd statements but
do not believe that trandatesinto a high cost per kilowatt hour for
wind energy.

(i) Transmission access pathways dready crisscross the United States,
and many aready pass through the Greet Plains. If new, long
transmission lines are needed for wind plants, most of these lines can
piggyback on exigting transmission towers, and smaler transmisson
lines on existing towers can be upgraded. Adding new linesto existing
towers or replacing exidting lines is less expensive than creating new
towers. Only local connections to the nearest |ong-distance
transmisson pathway require Siting of new transmission pathways.

(if) Whether the high cogt of transmission lines per unit distance
trandates into a high cost per unit energy (kWh) depends on the length
of the transmission line, so it isincorrect to labe transmission costs as
"high" without specifying the length of theline

Cavdlo (2) esimated the cogt of transmitted energy through a
2000-km HVDC transmission line as 2.75 centskWh. This trandates
to0 0.00138 centgkWh/km. Cavallo assumed a capital charge rate of
0.107, which trandates to an interest rate of nearly 9% over 20 years.
However, transmission lines can last 40 to 60 years. Further,
commercid interest rates today are lower than 9%. These combined
factors aone would reduce Cavallo's estimate by afactor of 2.
Cavdlo dso acknowledged that the transmission line cost used was
conservative and "could be about one-haf what we have assumed"
(2). Changesin assumptions about interest rate, transmisson line
lifetime, and direct costs would change Cavalo's transmission cost
estimate to 0.000345 centskWh/km. This estimate could be reduced
further by piggybacking new lines on existing transmisson powers.
Nevertheless, the 0.000345 centskWh/km cost is 1% of our
estimated direct cost of wind energy (3 to 4 centskWh) when the
average tranamisson lineis 88 to 116 km long. Even if the average
transmission line is 500 km long, the cost is il less than 5% of the
direct cost of wind (and <1.5% the price atypica consumer pays for
eectricity, which is 11 centskWh). In the worst case (2000 km line),
the cost is around 20% of the direct cost of wind (and <6% the price a
consumer today pays for dectricity).
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We have cited before that 840,000 MW of wind power lie within 20
km of exigting transmisson lines. Our proposd requires the generdtion
of only 128,000 MW of power (225,000 1.5-MW turbinesin the
presence of 7 to 7.5 m/swinds, giving capacity factors of 0.35to 0.4).
Clearly, areasonable portion of our required power can be obtained
from turbines dose to exidting transmisson lines. If such linesare
dready saturated with power, the cost of additiona linesis not acost
of wind exclusvely but a shared cost among dl energy sources using
the lines, because cod and naturd gas generdly do not own such lines,
and therefore, do not have an exclusveright to them.

In sum, we suggest that higher codt of long transmission linesis
compensated for by lower cost of shorter tranamission lines. If the
average tranamission lineis less than 100 to 500 km long, the resulting
cost of energy related to transmisson linesislessthan 1 to 5% of the
price of wind energy.

(©) In hisletter, Cavdlo saysthat transmisson costs are high for wind
but omits the fact that, when comparing cod and wind, it is necessary
to compare the transmission costs of both, not merdly to sate that
wind has a high transmission cost. There are thousands of cod plants
in the United States and tens of thousands of miles of transmission lines
needed to transmit cod energy. Not only do current transmission costs
exig for cod, but when cod transmission lines do wear out (and most
arefarly old now), they need replacing.

References and Notes

1. M. Bolinger, R. Wiser, Summary of Power Authority Letters of
Intent for Renewable Energy, Memorandum, Lawrence Berkeley
National Laboratory, 30 October 2001.

2. A. J. Cavallo, High-capacity factor wind energy systems, JSEE
117, 137 (1995).

28 November 2001 “* va

We thank DeCarolis and Keith for their important comments and for
furthering this debate. We believe that we have reached convergence
on severd issues and that some issues will not be completely resolved
at thistime. On other issues, though, we gtill repectfully disagree, and
we believe that the conclusons of our origina paper Hill hold. Below
are responses to DeCarolis and Keith's pointsin their response of 21
November 2001, in the order they are given.

(Point 1) Hird's (2001) analysis addressed one aspect of
intermittency, the cogt of regulation ancillary service. He found the cost
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to be small (0.005 to 0.03 cents’kWh, less than 1% of the direct cost
of wind energy). A smilar sudy was performed by Hudson et dl.
(2001) who dso found that the cost of regulation ancillary service to
be small when wind isintegrated into agrid (0.006 centskWh).

(Point 2) As DeCarolis and Keith correctly point out, thereis a second
issue related to intermittency, and thisis the potential cost of supplying
backup energy when wind becomes a large fraction (e.g., 30%) of
energy supply and wind's output islow for agiven hour. The red
guestion here, though, is not what isthe cost to wind, if any, in this
case, but what is the difference between the cost to wind and the cost
to cod or natura gas (Snce we did not account for this potential cost
with respect to ether cod, natura gas, or wind in our paper).

We suggest that the cost to wind due to backup reserves could be less
than or more than that to natural gas and coa and the net codt, ether
way, isuncertain. As such, we believeit isincorrect to presume a cost
or abenefit as DeCarolis and Keith have done. Before the work of
Hirst and Hudson et d., it was commonly presumed that wind had a
high cogt of regulation ancillary service. This assumption turned out to
be incorrect. Similarly, it should not be presumed that expansion of
wind energy will result in ahigher cost of contingency reserves than the
current cost. The main reasons we believe the net differencein
contingency reserve cogts could be elther negative or postive are given
asfollows.

First, backup sources of power are dready in place and are used
when natura gas or cod power plantsfail, supplies tighten, or energy
demand increases beyond expectations suddenly. The forced outage
rate for dl fossl fud power plantsis, on average, 8% (North American
Electric Reiability Council, 2000). This compareswith afalure rate
for modern wind turbines of 2% (Danish Windpower Manufacturers
Association, 2001). As such, if wind displaces cod, the reliability rate
of replaced energy, in terms of energy source failure aone, will
improve immediately by 6%. DeCarolis and Keath usein their example
apeak load of 52 GW. If 30% of 52 GW is supplied by replacing
cod with wind, backup requirements for failure will be reduced by 1
GW. Replacing natural gas with wind will result in a proportional
reduction.

Second, whereas wind is an intermittent energy source, natural gasis
aso an intermittent energy source. Thisis evidenced by the variaions
in naturd gas prices of 50 to 100% from month to month and year to
year (e.g., McFeat, 2001). This price variation is caused in large part
by avariation in naturd gas supply. The variability of naturd gas
supplies and prices suggests thet, if wind replaces natura gas, backup
requirements may not change much.
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Third, peaker plants are used commonly today when energy demand
exceeds expectations. Thus, a certain amount of backup is dready
necessary, regardless of the energy source.

Fourth, there are several ways to provide backup energy. Some
include increasing hydroe ectric output, transmitting from outsde the
grid, using pesker plants (usudly fossl fue), and storage.

(i) Hydrodectric power supplies 10% of energy in the United States
(only 4% outsde of Cdifornia, Oregon, and Washington). When
hydroelectric output isincreased as a backup, thereisllittle additiond
cost.

(i) If wind becomes 30% of the energy supply, wind farms will be
digtributed over greater areas, and grid interconnections will expand,
enabling esser transmission of excess wind, solar, hydrodectric, and
fossl energy from outsde the loca grid, thereby reducing and
potentially diminating the need for peaker plants for backup. In other
words, the expansion of wind energy may reduce the cost of backup
energy by enlarging the Sze of agrid and by facilitating transmisson of
excess wind and other types of energy from outside the grid when
needed.

(ii1) A large future energy requirement may be to generate hydrogen for
fud cdls. In such acase, intermittency is no longer an issue, and only
total energy output over ayear is. Wind isreliable for producing an
aggregate amount of energy over a period of amonth to ayear.

(Point 3)(i) Whereas we agree that the Great Plains contains the
largest concentration of idedl wind Sites, there are plenty of land and
water Steswith equd or greater wind power that have still not been
exploited. The fastest wind Stesin the country (>9.4 nV/s on average)
are dl dong the coagt, such as of North Carolina, South Carolina, and
and Louisiana (Archer and Jacobson, 2001, first figure - please note
that the figure gives speeds at the measurement locations only). Sites
exig in numerous Sates tha are very fadt.

(ii) For adistance of 2000 km, we estimate the cost of new HVDC
lines as about 0.7 centskWh (see footnote), which is about haf the
average vaue given by DeCaralis and Keth (adthough the uncertainty
iswithin the margin of error of their estimate). However, we disagree
with their assumption that most lines need to be 2000 km. A tota of
840,000 MW of wind power lie within 20 km of existing transmisson
lines. Our proposa requires the generation of only 128,000 MW of
power (225,000 1.5 MW turbinesin the presence of 7 to 7.5 m/s
winds, giving capacity factors of 0.35 to 0.4). A reasonable portion of
our required power can be obtained from turbines close to existing
transmission lines. If such lines are dready saturated with power, the
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cost of additiona linesis not a cost of wind exclusvely but a shared
cost among al energy sources using the lines, because cod and natura
gas generaly do not own such lines, and therefore, do not have an
excusiveright to them.

(iii) Siting dmogt dl turbines in the Great Plainswould at firg glance
make sense, but the larger the area that turbines are distributed over,
the higher the minimum power output summed over dl turbines (please
see Archer and Jacobson, 2001) and the lesser the contingent backup
energy required to account for aworst-case scenario for wind. In
other words, if dl turbines are placed in one region, a high pressure
system could cause dow windsin that region. If turbines are placed in
many arees of the country, the chances are dim that dl regions will
have dow winds &t the sametime.

In addition, our speculation is that most development will ultimately
occur offshore, Since offshore areais essentialy unlimited, most people
live near the coadt, winds are generdly faster over water than land,
winds are very regular and predictable near the coast, turbines can be
placed far enough out that people don't see them, and new turbines
cause minima environmenta damage (the large, dow-moving turbines
do not cause bird loss any more).

(Point 4) DeCarolis and Keith say, "...but to assert that the cost of
wind energy islow lessthat of cod isnot accurate. If it were, we
would expect to see wind dominate virtudly al new capacity
ingalations (given the 1.5 centykWh tax incentives), rather than
amply having the fastest relative growth rate...”

Firgt, our paper compared the direct cost of new coa with that of new
wind, not the direct cost of old cod with new wind. We concluded
that the direct costs of new cod and new wind are comparable, in the
3 to 4 centskWh range, and this conclusion is supported by Bolinger
and Wiser (2001, p. 3), who calculated the 25-year real costs of 17
wind farm proposasin Cdiforniain 2001 as 3.2 to 3.7 centskWh,
with aweighted average vaue of 3.6 centskWh. Their andyssaso
sated that the numbers were based on proposal information that
presumably contained wordt-case estimates for wind.

Second, why should wind dominate cod or gasin the marketplace
when the direct costs are smilar in both cases. Whereas wind receives
aProduction Tax Credit, cod receives a percentage depletion
alowance for mining operations, deductions for mining exploration and
development costs, specid capital gains treatment for coa and iron
ore, aspecid deduction for mine reclamation and closing, research
subsdies, and black-lung benefits paid for by the federa government.
Oil and gas (mined together) receive a percentage depletion
alowance, a 15% credit for enhanced oil recovery, adeduction for
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intangible drilling and development codts, a"passve loss' tax shelter
for investorsin il and gas, a nonconventiona fue production credit,
and research subsidies.

Third, the Production Tax Credit for wind can be fully redized only if
the price of wind energy exceeds the cost of wind energy by 2.5to
3.75 centgkWh. As such, either wind producers benefit only partidly
from the credit or the Crediit itsdlf drives up the price of wind. Thisis
eesly proven:

In order to fully redize the credit, the price of wind over the cost of
wind must be the credit (1.5 centskWh) divided by the margind tax
federd plus state tax rate (40 to 60%), which gives 2.5t0 3.75
centskWh. Thus, if the cost of wind is 3.5 centskWh, the credit will
be fully redized only if the price of wind is 6 to 7.25 centykWh
(becuase the 3.5 centgkWh cost is deductible). Wind producers are
likely to optimize by raising their bid prices sufficiently to teke
advantage of the credit but not too high so that ther projects are
priced out of the selection. Ironicaly, then, the credit servesasa
disncentive to reduce the price of wind (which is not the same asthe
cost of wind). A direct subsidy would be better because it would not
provide incentive to maximize the difference between the price and
cost of wind.

Fourth, it is commonly known that it is much easer for large producers
of any product to offer alower price, thereby having a smdler profit
margin (but alarger net profit summed over dl sdles) thanitisfor a
smdl producer, who mugt offer ahigher price & alower sdlesvolume.

Findly, the market for new power plantsis not afree market. In
Cdlifornia, for example, separate bids are requested for renewable
energy sources versus fossil power sources. One reason for the
separate treatment is the migperception (as shown by Hirst and
Hudson et d), that on asmal scde, the intermittency of wind triggers
an extracost.

Footnote: The cost of HVDC linesis caculated as follows: Cavalo
(1995) estimates the cogt of transmitted energy through a 2000-km
HVDC transmission line as 2.75 centskWh. Thistrandates to
0.00138 centgkWh/km. Cavallo assumed a capita charge rate of
0.107, which trandates to an interest rate of 9% over 20 years.
However, transmission lines can last 40 to 60 years. Further,
commercid interest rates today are lower than 9%. These combined
factors alone would reduce Cavallo's estimate by afactor of 2.
Cavdlo (1995) dso acknowledges that the transmission line cost used
was conservative and "could be about one-haf what we have
assumed.” Changesin assumptions about interest rate, transmission line
lifetime, and direct costs would change Cavallo's transmission cost
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estimate to 0.000345 centskWHhkm. This estimate could be reduced
further by piggybacking new lines on existing transmisson powers.
Nevertheless, the 0.000345 centskWh/km cost reaches 1 percent our
estimated direct cost of wind energy (3 to 4 centskWh) when the
average tranamisson lineis 88 to 116 km long. Even if the average
transmission lineis 500 km long, the cost is il less than 5% the direct
cost of wind. In the worst case (2000 km line), the cost is around 20%
the direct cost of wind (0.7 cents’kWh).
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Response to letter by Howard Gruenspecht of 4
November 21, 2001 28 November 2001 “

Mark Z. Jacobsonand ~ We thank Gruenspecht for his comments. We will address them,
Gilbert M. Magters, below.

Associate Professor
(MZJ); Professor Firg, Gruenspecht makes the same point as DeCarolis and Keith, that
(GMM) when wind is alarge fraction of the energy production, more backup

Department of Civil energy may be needed. We addressed the issue in detail in our
and Environmental Response 2 to DeCarolis and Keith's response of 21 November
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2001, so we do not repedt it here.

Second, Gruenspecht says that 10,000 km provides only 30 km of
transmission per gigawatt of wind capacity. This statement isincorrect.
Onetransmission line can transmit 2 GW of actud power = ingtaled
GW / capacity factor. For a CF of 0.36, thistrandates to an installed
power of 5.5 GW. Thus, for 225,000 1.5-MW turbines, about 61
lines are needed, and 10,000 km / 61 lines = 163 km/line. As such, for
transmission to cost <1% of direct wind cogt, the average transmisson
line for 225,000 turbines can be up to 163 km. This number may be
reduced to around 100 knvline to account for overlgpping transmisson
during times when wind is peaking and for other factors. The 100
knvlineis consstent with a number derived independently in our
response to Cavalo's 21 November 2001 letter, which is based on an
earlier andyss by Cavalo, who accounted for overlgpping. Even if
50,000 km of transmission lines are required (500 kmvline) the net cost
isgtill <5% the direct cost of wind energy (3 to 4 centskWh) and
<1.5% the price atypical consumer pays for dectricity, whichis 11
centskWh.

In addition, we disagree with the implication that the Semens et d. bid
of $5 hillion for transmission lines out of a$15 hillion project means
that transmission is one-third the cost of wind energy. The trangmission
lineswill have lifetimes of 40 to 60 years, the wind turbines, 20 years.
The $5 billion investment in trangmission lines will survive two to three
generdions of turbines. In addition, this example applies only if the
transmisson lines are long, which is not dways necessary.

Third, Gruenspecht statement that even old cod-fired plants produce
electricity at 1 to 1.5 cents per kWh direct cost appearslow. Their
costs are often cited as 2 to 3 centskWh. Regardless, the direct cost
is not the cost to the U.S. citizen. The cost to the U.S. citizenisthe
total codt: the direct + hedth/environmentd + subsidy cost. The
hedth/environmental costs of old cod power plants exceed those of
new coa power plants, and both far exceed the total cost of wind.
Thus, our concluson that the direct+hedth/environmental cost of wind
islessthan that of cod (whether old or new) ill sands, and thisisthe
only cost comparison that matters from a public policy point of view.

Fourth, Gruenspecht correctly states that most new capacity is natural
gas. The direct cost of anew naturd gas power plantis3.3to0 3.6
centskWh (Office of Fossil Energy, 2001). Naturd gas emits carbon
dioxide, methane, carbon monoxide, nitrogen oxides, particulate
matter, reactive organic gases, anmonia, and other pollutants that
exacerbate globa warming, urban smog, particulate hedth problems,
acid deposition, and visbility degradation. We caculate atentative,
conservative globa warming cost of naturd gasas0.7t0 1.1
centskWh and other hedth/environmental cost as0.5to0 1.1

1/29/2002 4:58 PM



Sdence - Published dEbete reponses for DeCardlis e d., 294 (5544) 1000-1003 wyswyg://270/ttp:/Awww.stencemeag.org/cgi/d etters 294/5544/1000

cents’kWh, which gives the direct+hedth/environmenta cost of naturd
gas as 4.5 to 5.8 centskWh, more expensive to society than wind (3
to 4 centskWh) but less expensive than cod (5.5 to 8.3 centskWh).
As such, we believe our conclusions apply to both coa and natura
gas.

Fifth, Gruenspecht states that most black lung cases reflect past, not
current, mining practices, and the number of black-lung desths would
not be appreciably impacted by the prospective reduction in cod use.
This argument glosses over ared problem and misrepresents our
point. Firg, the federa government till pays hundreds of millions of
dollars per year in black lung subsidies, and minersin the U.S. il
contract black lung disease by working in cod minestoday. Miners,
globdly, contract black lung disease a higher rates. Second, the
cumulative federd black-lung payments, brought to present vaue, are
around $70 billion. The cumulative subsdy has alowed cod to gain an
advantage in pricing and lobbying, and this advantage has, in turn,
resulted in grester pollution output. For wind to obtain aleve playing
fidd, we argue that the federal government should spend the same $70
billion by purchasing wind turbines (or that cod should pay back the
$70 billion). This amount aone would alow the replacement of 10%
of cod with wind. Unlike with the black lung subsidy, the government
could recoup its entire investment if it purchased turbines and sold the
eectricity.
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