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AMERICA’S ENERGY FUTURE:
BOLD IDEAS, PRACTICAL SOLUTIONS

TUESDAY, FEBRUARY 27, 2007

U.S. SENATE,
COMMITTEE ON FINANCE,
Washington, DC.

The hearing was convened, pursuant to notice, at 10:05 a.m., in
room SD-215, Dirksen Senate Office Building, Hon. Max Baucus
(chairman of the committee) presiding.

Present: Senators Rockefeller, Bingaman, Stabenow, Salazar,
Grassley, Snowe, Thomas, and Bunning.

OPENING STATEMENT OF HON. MAX BAUCUS, A U.S. SENATOR
FROM MONTANA, CHAIRMAN, COMMITTEE ON FINANCE

The CHAIRMAN. The hearing will come to order.

In the beginning, God began with energy. God said, “Let there
be light,” and there was light. We need to begin to think much
more about energy because, when we flip on the switch, we still
want the sentence to end “and there was light.”

America is too dependent on unstable foreign energy sources.
Our energy needs are as ubiquitous as the light of day, so disrup-
tion of our energy sources could have devastating effects on our
economy. Energy security, thus, affects our National security.

So America has a big energy problem, but America finds solu-
tions to big problems. Led by FDR in the 1930s and 1940s, we beat
Hitler to the first nuclear bomb by instituting the Manhattan
Project. A decade later, an American found the cure for the disease
that disabled FDR.

A decade after that, we rose to the challenge of Sputnik and put
a man on the moon. Two decades after that, thanks to a good, hard
American shove, we saw the empire that created Sputnik fall. I see
no reason why we cannot rise to the occasion on energy as well.

Over the next weeks and months, I plan to hold more hearings
on energy competitiveness, on energy conservation, and on oil, gas,
coal, and alternative fuels.

Other committees are working on this as well, and I want to ac-
knowledge Senator Bingaman’s leadership on the Energy Com-
mittee. He is doing an excellent job, and I appreciate all the work.
I know I speak for everyone in the Senate in thanking him for all
he is 1(iloing, and we look forward to working with that committee
as well.

We need to solve this problem, and we haven’t a moment to
waste. Today we will get a feel for the energy landscape from four
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key perspectives: from the States; from science; from the street—
that is, Wall Street—the investment community; and security.

What is the answer to the energy problem? I believe there are
many. I believe that we should start with another Manhattan
Project for energy, and today I am introducing legislation to create
an ARPAE.

That is not my original idea, many have come up with it before,
but I think it makes sense: Advanced Research Projects Agency for
Energy. ARPAE would be a new research agency to help our Na-
tion solve the energy problem that we face.

The new agency would be modeled on DARPA, the Defense Ad-
vanced Research Projects Agency, in the Department of Defense.
Among the revolutionary technologies that DARPA produced are
the Internet and stealth technology for aircraft.

DARPA has been a tremendous success, and I think we can do
the same with an ARPAE. ARPAE and other energy efforts will
help develop new energy technologies, and these will lead to new
products that Americans can sell, both here in the U.S. and over-
seas.

I believe that other answers to the energy problem lie in alter-
native energy, in renewable energy, in conservation, and in more
efficient uses of conventional sources, with strong consideration for
climate change. We have a responsibility to address climate
change.

On alternative energy, I believe that we should keep moving on
biofuels such as, say, cellulosic ethanol, as well as corn-based. My
good friend from Iowa here will certainly appreciate that.

I was pleased to see a cellulosic ethanol plant break ground in
Louisiana just a couple of weeks ago, and even more pleased to see
one break ground in my home State of Montana, which has abun-
dant biomass for cellulosic ethanol production.

I look forward to hearing what Dr. Arvizu has to say about the
widespread production and use of cellulosic ethanol. I am also look-
ing forward to hearing the testimony of Mr. Aimone and his per-
spective on alternative fuel, especially its use in the Air Force, and
the DoD, generally.

Dr. Arvizu is Director of the National Renewable Energy Labora-
tory, a Federal laboratory that brings science from the research
laboratory to the market and consumer use, primarily in the areas
of renewable electricity and fuels.

And they say that Mr. Aimone knows more about the Air Force’s
efforts on alternative fuels than anyone else in the Pentagon. He
also happens to have spent a good many years in Montana at
Nellis Air Force Base.

On conservation, I believe that we should improve our energy ef-
ficiency. As Dr. Dan Reicher will explain—and he is efficiently try-
ing to get from the airport to here right now—there are tremen-
dous gains to be made simply by making good use of the energy
that we have.

We can build smarter buildings. We can turn on more efficient
light bulbs. We can produce and use electricity more efficiently. We
can even do things as simple as turning off our computers at night.
Turning off American computer monitors alone could save more
than $1 billion a year and millions of tons of greenhouses gases.
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Dan heads Google’s new Energy and Climate Initiatives, and he
will give us an overview of how the investment community can
help America make gains in energy efficiency.

And on a more efficient use of conventional sources, we should
keep working on ways to burn coal more cleanly. Montana and
many other States have a great deal of coal. Montana has about
8 percent of the world’s coal reserves. We should make use of this
abundant resource, and we should do it responsibly.

Sequestering the carbon emitted from coal-fired plants is the
right thing to do, and I am looking forward to hearing Dr. Robert
Socolow’s testimony on how we can do that.

As Governor Brian Schweitzer knows, we in Montana have more
than a passing interest, and we think we have some good ideas on
how to accomplish this.

I am very pleased to have with us today my good friend, the Gov-
ernor from Montana, Brian Schweitzer. As Governor since 2005,
Governor Schweitzer has made energy policy the cornerstone of his
administration. He has worked hard on renewable sources, on eth-
anol, biodiesel, and clean use of Montana’s vast coal reserves.
Brian, thank you so much for taking the time to be with us today.

Dr. Socolow is professor of physics at Princeton and co-director
of the Carbon Mitigation Initiative. He will explain, when it comes
to energy, there is no silver bullet. There are many things that we
can do, and should do, on energy policy and climate change.

Back in the beginning, “God saw that the light was good.” We
have found it pretty good as well. So let us begin to think and talk
more about solving energy problems so that we can continue to let
there be light as far as the eye can see.

I would like to turn to my good friend, Senator Grassley.

OPENING STATEMENT OF HON. CHUCK GRASSLEY,
A U.S. SENATOR FROM IOWA

Senator GRASSLEY. Yes. Mr. Chairman, you just said something
about turning off computers. That reminds me. I want to issue an
edict that the Grassley staff turn off their computers, because
every morning I come in, half the computers are on, and even some
televisions are on and there is nobody working at that hour. So,
you are right, we can set an example.

The CHAIRMAN. I thought you worked at that hour.

Senator GRASSLEY. And also, Mr. Chairman, I thank you very
much for holding this hearing. There are a lot of things that the
Chairman and I have to work on that are not fun and are very dif-
ficult to solve. This is one of those that is very fun to work on. It
is not necessarily easy to solve, but one that really is an enjoyable
issue to have before us.

Over the last 6 years, the Chairman and I have been very suc-
cessful in identifying energy tax issues that are not only good for
the States’ economies, our country’s economy, but also created do-
mestic energy options for the Nation.

Everyone wants to talk about shaking our growing dependence
on foreign fossil fuels, but we will never have that opportunity in
our lifetimes, and maybe not in our children’s lifetimes, if we do
not aggressively identify domestic energy options.
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The Finance Committee, of course, has jurisdiction over these
things that, through taxes or trade provisions, help create a con-
sistent, sustainable energy policy for this Nation.

As a long-term member of this committee, and just recently
chairman, I have aggressively proposed utilizing the tax code to
help level the playing field between traditional fossil fuel-powered
electricity and petroleum-based fuel refineries.

That has always been done in a bipartisan way, and it has al-
ways been done in conjunction with the Senator from Montana,
and everybody else on this committee working together.

In fact, for years I have worked to decrease our reliance upon for-
eign sources of energy and accelerate diversified domestic energy
production. I believe public policy ought to promote renewable do-
mestic production that uses renewable energy, and at the same
time it will help foster economic development.

Specifically, the development of alternative energy sources
should alleviate domestic energy shortages and insulate the U.S.
Government from hostile governments that are in the process of
supplying a great deal of our oil right now. In addition, the devel-
opment of renewable energy resources conserves existing natural
resources and protects the environment.

Finally, alternative energy development provides economic bene-
fits to farmers, ranchers, and forest land owners such as those in
my State of Iowa, who have launched efforts to diversify the State’s
economy and to find creative ways to extract a greater return from
abundant natural resources.

I have been a constant advocate of alternative energy sources. I
proposed, and got passed, the first original wind energy credit, and
from its inception 14 years ago since we passed it, wind energy pro-
duction has grown from being almost non-existent to a success
story today.

In addition, wind represents an affordable and inexhaustible
source of domestically produced energy. It is my hope that the Sen-
ate will continue to support this maturing green energy source that
has environmental benefits.

Every 10,000 megawatts of wind energy produced in the United
States can reduce carbon monoxide emissions by 33 million metric
tons by replacing the combustion of fossil fuels. These are impor-
tant issues as we consider this option today and into the future.

Today I expect to hear many bold ideas on energy policy, but I
will be most interested in those ideas that help to empower our
rural communities to reap continued economic benefits and the di-
versifying of our dependence upon foreign oil.

Also important to our future, energy policy studies show that bio-
mass crops could produce between $2 billion and $5 billion in extra
farm income for American farmers. If you consider the recent suc-
cess of ethanol since the Energy Policy Act of 2005, this number
may be low. As another example, over 450 tons of turkey and
chicken litter are under contract to be sold to a power and elec-
tricity plant using only poultry litter.

The plant was built in Minnesota and scheduled to open next
month. Coincidentally, that plant is placed right next door to a suc-
cessful ethanol plant that can now purchase green power.
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This is a win-win, not only for the farmer not having to pay to
dispose of the litter, but they also get paid to sell it, and the Nation
gets 55 megawatts of electricity generated from renewable biomass,
not from a fossil fuel.

Luckily, you can find similar examples throughout the Midwest
and farm regions across America. In addition, marginal farm lands
incapable of sustaining traditional yearly production are often ca-
pable of generating native grasses and organic materials that are
ideal for biomass energy production.

Turning tree trimmings and native grasses into energy provides
an economic gain and serves an important public interest. I hope
our continued review of energy policy will promote our research
and success in utilizing biomass not only for electricity production,
but for alternative fuel markets.

Now to the issue of trade for this committee. I have a growing
concern—we all have a growing concern, for that matter—about the
U.S. trade deficit. It has been substantially impacted by our contin-
ued reliance upon foreign fossil fuels and U.S. reliance upon foreign
technology and imported equipment needed to fully utilize cap-
turing and converting wind, solar, and biomass energy options.

Now, according to data published by the Department of Com-
merce, as a result of the overall rise in the value of energy-related
imports in 2006, such imports now account for about one-third of
the total value of the U.S. trade deficit.

In 2 years, that has grown very much. It seems, with that sort
of a statistic, with such a reliance upon foreign sources of energy,
that we need to move in the direction that this committee is head-
ed, as evidenced by this committee and this Chairman’s leadership.

The CHAIRMAN. Thank you very much, Senator Grassley.

Now I will begin with witnesses. I urge you to speak in 5, 6, 7,
8 minutes. Your printed testimony will be in the record. But here
is your chance to say what you think.

I will begin with you, Governor. Thank you very much, Brian
Schweitzer, for coming here.

STATEMENT OF HON. BRIAN SCHWEITZER, GOVERNOR,
STATE OF MONTANA, HELENA, MT

Governor SCHWEITZER. Well, thank you very much, Chairman
Baucus. I practiced that a lot, because some of you call him Chair-
man, some of you call him Senator. In Montana, we just call him
“Max.” So, Chairman Baucus—I have that out right now—thank
you for inviting me in.

And Republican Ranking Member Grassley, co-chair, I do not
know how you guys run this thing, but I have to tell you, you have
been an inspiration, the two of you, for myself when I picked a Re-
publican to be my running mate so that, in Montana, we have a
Democrat and a Republican working together in the executive
branch. It was the model that the two of you have put together
here in Washington, DC that was our inspiration.

Senator Grassley, we were talking about wind, the rural elec-
trification program that brought electricity to your farm. Senator
Salazar, has electricity made it to the Salazar ranch yet?

Senator SALAZAR. It just got there.
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Governor SCHWEITZER. All right. In farm country, old-timers, and
even young-timers, still talk about when we got hooked up.

A few months ago, I was visiting with my 87-year-old father and
I said, “Dad, what was the biggest change in your life when elec-
tricity made it to the farm?” He considered that for a moment and
then he said, “We could weld at a hotter temperature.”

You see, they had been generating electricity on their farm for
25 years. They had batteries in their basement. The whole Great
Plains had distributed energy, green energy, and they were energy
independent 75 years ago.

About 30 years ago, there were Senators sitting in these same
chairs and we were discussing the same things in 1978. We were
bemoaning that we are importing a large percentage of our oil, and
we are importing it from people who are not friendly to our way
of life. We had ideas about wind energy and solar energy. Then we
lost our resolve.

So I think this time around it is a question of resolve. We do
have the technology and we have technologists who are sitting at
this table. It is a question of resolve.

In 1980, in response to the last oil shock, American farmers were
saying “All right” to the Arabs, the King of Saudi Arabia, “a bushel
of wheat for a barrel of 0il.” Do you remember those days?

While I was a young agronomist, I went to Saudi Arabia. I devel-
oped irrigation for 6 years in Saudi Arabia and, in a 7-year period,
they went from a position of importing nearly 100 percent of their
food to being food exporters because they had a resolve. They said,
our way of life is dependent on us being food-independent.

We have an opportunity. We consume 6.5 billion barrels of oil in
this country. We produce about 2.5 billion barrels. I think, with
new techniques, we can continue to produce that 2.5 billion barrels.
Our problem is the 4 billion barrels that we import.

Conservation is the most important thing that we can do today,
and it is the only thing that we can do as we speak today: com-
puters, cars, the way we live, the way we travel. The administra-
tion has said, is it “Save 20 percent by 2010?” Is it 20 by 10? Is
it 10 by 20?

Whatever it is, the administration says we should decrease our
consumption by 20 percent. We can do that. I know we can do it,
because we did it in that period from 1975 to 1983. We decreased
our consumption by 17 percent.

The administration said that we can produce nearly a billion bar-
rels using biofuels. I think we can do that, but do we have the re-
solve? Because, you see, in order to achieve that goal, nearly every
acre of wheat, corn, and soybeans that we currently export needs
to be converted to production of fuels.

During the course of the last year, the price of corn has increased
by 25 percent, and we are only using a small percentage of those
crops to produce fuels. Do we have the resolve to convert those
acres to biofuels, with the consequences that food will increase in
price? It is a question of resolve.

So now we have decreased consumption by a billion barrels, we
have produced a billion barrels of biofuels, and we are still two bil-
lion barrels short. I submit to you that some of these solutions will
be our neighbors to the north in Alberta.
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They have a great quantity of oil that is captured in those sands.
It used to be called “tar sands” and then the price of oil went to
50 bucks and they are now called “oil sands.” They have enough
todreplace all of the oil that we are bringing from the Middle East
today.

Then another solution is going to be coal gasification. As I look
around the room: Kentucky, Wyoming, Montana, West Virginia,
New Mexico, Colorado, all coal States. But I submit to you, unless
we develop carbon sequestration, unless we are able to store that
;:‘alrbon beneath the surface, coal will not be part of the future port-
olio.

So I ask you here today, will you lead? Will you have the resolve?
Will you create not only the tax incentives, but the loan guarantees
to develop carbon sequestration so that coal can be part of the fu-
ture portfolio?

We have 400 billion tons. If we converted that at a rate of two
barrels per ton, that is 800 billion barrels of oil equivalent. That
is a 400-year replacement of that imported oil. I think the time to
move is now.

I am just going to give you some suggestions. I have to tell you,
thanks for inviting me in today because we have the National Gov-
ernors here in town. I rented the suit for the entire week, so I was
able to get two or three events out of the same suit. Thank you.
[Laughter.]

Put a base price of $40, a base price on fuels, domestically pro-
duced, technology-neutral, whether you are drilling oil and gas or
producing biofuels, or whether you are producing fuels with coal,
coal to liquids.

Develop a cap-and-trade system. We have States that are going
it alone: Washington, Oregon, Arizona, New Mexico and California
announced yesterday. There will be other coalitions. We cannot
have a cap-and-trade system that is regional, we need a cap-and-
trade system for carbon dioxide that is national.

We have to develop the liability system. Who is responsible for
the carbon dioxide that is pumped under my ranch? Who owns the
mineral rights under my ranch? I understand that. I do not actu-
ally understand who has the rights to put carbon dioxide under my
ranch. That has to be developed in the West.

We mentioned it one time before: we need a production tax credit
extended for 10 years for these alternatives. We have some great
companies around the world that produce wind energy machines,
and the waiting period is almost 3 years now because they are not
exactly sure whether you are going to act to extend the Production
Tax Credit. Please do that for both solar and wind.

I think we need $10 billion for research and development of car-
bon sequestration. Again, coal will not be the fuel of the future un-
less we get carbon sequestration correct. We need those loan guar-
antees to develop these coal gasification plants.

I just would conclude by saying, do we have the resolve to do it
in this generation, or will there be another Governor sitting in this
chair talking to another group of Senators 30 years from now with
the same words and the same language that we used in 1978?

Thank you very much for the opportunity.

The CHAIRMAN. Thank you, Governor, very, very much.
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[The prepared statement of Governor Schweitzer appears in the
appendix.]
The CHAIRMAN. Now I would like to hear from Mr. Aimone.

STATEMENT OF MICHAEL A. AIMONE, ASSISTANT DEPUTY
CHIEF OF STAFF FOR LOGISTICS, INSTALLATIONS, AND MIS-
SIONS SUPPORT, U.S. AIR FORCE, WASHINGTON, DC

Mr. AiMONE. Chairman Baucus, Senator Grassley, distinguished
members, thank you for the opportunity to appear today and out-
line the Air Force’s new strategy for energy in the 21st century and
describe some of our recent achievements to improve Air Force en-
ergy use in our aviation operations, ground vehicle fleet, and the
worldwide network of 166 installations.

I would also like to provide the preliminary results of our recent
flights of a B-52 bomber using a blend of synthetic and crude oil-
based jet fuel.

As stated, I am Mike Aimone, and I work in the Office of the
Deputy Chief of Staff for Logistics, Installations, and Mission Sup-
port. With 37 years of experience working in the Air Force as a fa-
cilities engineer and logistician, I have had the opportunity to be
part of the Air Force energy program since its inception in 1974.

Sir, you were at my change-of-command ceremony at Malmstrom
Air Force Base as we stood up the 819th RED HORSE Squadron.

In the aftermath of the hurricanes that impacted the Gulf of
Mexico 18 months ago, the Secretary of the Air Force directed ex-
traordinary actions by all Airmen to help mitigate the resultant en-
ergy issues that faced the Air Force, and the Nation.

One of his first actions was to direct the Under Secretary to lead
an aggressive energy strategy for the department. Dr. Sega, the
Under Secretary, directed the stand-up of the senior focus group.
This focus group has met 7 times and has developed an energy
strategy. Its vision is to make energy a consideration in all we do,
and its strategy is 3-fold.

First, ensure energy supply-side availability of fuel for our air-
craft, ground vehicles, and equipment, as well as reliable utility
ser\aices for our installations to meet our Combatant Commander’s
needs.

Second, implement aggressive demand-side fuel optimization and
energy efficiency initiatives laser-focused on each of our sectors:
aviation, ground transportation, and installations.

Then, third, and indeed the most important element of our en-
ergy strategy, is to ensure that our strategy transcends the present
to create a lasting culture of change in all Airmen so that energy
becomes a consideration in all we do.

To kick-start this cultural change, the Secretary released a letter
to all Airmen, and in this letter communicated the goals of the en-
ergy conservation program. This letter was followed up with a ro-
bust communications program to all Airmen to raise their aware-
ness on energy issues.

The Air Force has had an aggressive facilities energy program
that has achieved an impressive 30-percent reduction in energy use
over the last 20 years. However, we are challenged to do better.

The President, on the 24th of January this year, issued a new
energy Executive Order directing agencies to reduce energy inten-
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sity by 3 percent annually through the end of fiscal year 2015, or
an additional 30 percent across the Air Force in the next 10 years.
So just to repeat, we achieved 30 percent across the Air Force in
the last 20, and will do another 30 percent above and beyond that
in the next 10.

Besides a new energy conservation goal, the Executive Order es-
tablishes new goals in renewable energy, greenhouse gas emission
reductions, and water conservation.

We have established that goal and, in order to do this in our
ground transportation, have right-sized the fleet. In fact, our goal
in the vehicle world is to procure 30 percent of our vehicles in the
future as what we call “low-speed” vehicles, or maybe better known
in the industry as “neighborhood electric vehicles.”

Sir, as you are familiar, our bases are very compact and would
allow vehicles that only operated at 30 to 35 miles an hour to be
efficiently used on the installation and have tremendous energy ef-
ficiency opportunities.

However, 80 percent of the Air Force energy bill, that $7 billion
a year bill, goes to fueling our aircraft. Our new strategy is com-
mitted to root out waste and implement greater efficiencies in avia-
tion operations. We have set an aggressive target to reduce avia-
tion fuel use by 10 percent over the next 6 years.

We are accomplishing this aviation fuel optimization strategy
through a series of operational changes by our pilots and aircraft
mechanics. Some changes are as simple as reducing unneeded
weight on the aircraft. For example, for every 100 pounds of weight
removed off of a large strategic airlift aircraft in the Air Force, we
will save 240,000 gallons of fuel over a year and the cost of car-
rying that fuel.

We have also implemented significant reductions. In fact we
found over 2,000 pounds that we could remove off of a KC-135
without impacting most of its operations. So you can do the math
yourself as a committee, but we in the Air Force are doing that
across the entire aviation fleet, looking at how we can reduce
weight on our aircraft.

We are looking at other initiatives in the aviation sector: in-
creased use of simulators, better planning of our flights so that we
take advantage of every hour of flight time that we use in training,
and then, ultimately, establishing a culture that underpins the use
of aviation fuel to optimize that fuel for every flight.

We have made some significant accomplishments, and I would
like to offer you, the committee, some of these. The Air Force, in
fiscal year 2006, remained the largest green power purchaser of
electricity in the United States, over 990,000 megawatt hours. That
leads us to be number three in the United States in green power
purchases. Thirty-seven of our installations procure green power;
three of those are 100-percent electric green.

We have installed over 7 megawatts of on-site wind energy and
solar photovoltaic and landfill gas systems at a number of our
bases. These systems provide renewable energy for our installa-
tions, but also provide for increased energy security in the event
of loss of electric power from the grid due to natural disaster or po-
tential enemy attack.
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Nearly 8 percent of our diesel fuel use is B—20, which is a blend
of 80 percent conventional diesel and 20 percent renewable
biofuels. Our efforts to expand the use of E-85 for our flex fuel fleet
is less successful. This is because E-85 and its infrastructure is not
currently available at the majority of our installations in the
United States or worldwide.

However, we are ready. We have over 4,479 flex-fuel vehicles in
our fleet. Of that total, about 1,500 are sedans, or nearly 30 per-
cent of our sedans are E-85-ready. Indeed, 58 percent of our Air
Force bases dispense B-20 today, 16 dispense E-85.

Mr. Chairman and members of the committee, I assure you that
you are probably most interested in our plans to test, certify, and
ﬂ};i a synthetic fuel B-52 bomber, and I would like to report on that
today.

Last year, the Secretary directed us to a project to procure syn-
thetic fuel, static ground test that fuel in fuel cells in Oklahoma
City’s Logistic Center at Tinker Air Force Base, and, if the ground
tests were successful, to conduct an aviation flight demonstration
at the Air Force Flight Test Center at Edwards Air Force Base, CA.

To ensure maximum crew safety on the first U.S. military jet air-
craft powered by domestically manufactured synthetic hydro-
carbons, the test was conducted using a 50/50 blend and also only
one of the pods, or two engines out of the eight engines of the B—
52, were serviced with that blend. We conducted three flights. They
were successful.

We also conducted a fourth flight on December 15th. The com-
mander of the Flight Test Center flew the flight and, in fact, all
eight engines were powered by synthetic fuel.

The jet was then flown to Minot Air Force, ND. The weather suc-
ceeded to our greatest desire, because we desired to do a series of
cold-weather engine starts in the month of January. Those tests
are complete, and the jet is back at Edwards Air Force Base, going
through inspection and rebuild.

The tests, to date, have shown that the synthetic fuel operates
effectively in the engine. It has significant reductions in sulfur di-
oxide, as well as particulates. There is very little change with re-
gard to the amount of carbon dioxide that is produced by the jet
engine using synthetic fuel.

It should be pointed out, as we chose the domestic source for syn-
thetic fuel for our first military aviation demonstration, that this
was manufactured from natural gas. We recognize that gas-to-
liquids do not assure the Air Force a dependable supply of jet fuel,
since domestic natural gas production is insufficient to meet the
Nation’s needs.

The production of synthetic fuel from coal, oil shale, and biomass
sources would solve this constraint; however, there are consider-
able technical, environmental, and economic issues that remain to
be worked out.

In that effect, we are partnering with the Department of Energy
and the Defense Logistics Agency, as well as the Task Force on
Strategic Unconventional Fuels, mandated by section 369 of the
Energy Policy Act, to explore what can be done in these areas.

Mr. Chairman, let me conclude that the Air Force appreciates
the opportunity to provide an overview of our energy initiatives
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and the testing and certification of synthetic fuel for the fleet, and
I look forward to answering your questions.

The CHAIRMAN. Thank you, Mr. Aimone.

[The prepared statement of Mr. Aimone appears in the appen-
dix.]

The CHAIRMAN. Now I would like to turn to my good friend, Sen-
ator Salazar, to introduce the next witness.

Senator SALAZAR. Thank you very much, Chairman Baucus. Let
me just say at the outset, to you, I congratulate you for holding
this hearing, and to Chairman Grassley. I like the title: “America’s
Energy Future: Bold Ideas, Practical Solutions.”

I think it is the kind of leadership that actually can bring about
the bipartisan result that we are looking for here.

As you said, Chairman Bingaman of the Energy Committee is
doing the same thing, and Senator Harkin in the Agriculture Com-
mittee with the farm bill as well. It gives us tremendous energy to
get this thing done.

Now, the question becomes, how do we get there? That is why
Dan Arvizu is here. Dr. Dan Arvizu is the Director of the National
Renewable Energy Lab. We are very proud to host that in Colo-
rado.

President Bush visited that facility about a year ago. I told the
President then, and I have told many of my colleagues in the Sen-
ate, that the smartest person in terms of helping us get to the an-
swers that we are seeking in this committee and in other commit-
tees is Dan Arvizu.

He has a long history that I will not go over, but let me just say
that he received an appointment to be on the National Science
Board in the National Science Foundation, and he truly, at the end
of the day in his own mind and with all of the employees at the
National Renewable Energy Lab, has the answers that we are look-
ing for in terms of the technology fixes that are we looking for in
this committee, and in other committees.

So, we are very, very proud of him and very proud of the fact
that he is here in Washington today.

The CHAIRMAN. Thank you.

You may proceed.

STATEMENT OF DAN ARVIZU, Ph.D., DIRECTOR, NATIONAL
RENEWABLE ENERGY LABORATORY, GOLDEN, CO

Dr. Arvizu. Thank you, Mr. Chairman. I also want to acknowl-
edge the tremendous support that I have gotten, and the laboratory
has gotten, from Senator Salazar. He has been at our laboratory
a number of times now and he is a regular visitor, so we do appre-
ciate his support.

I am from New Mexico and live in Colorado, so I actually have
great support and friends from two members of your committee.
And Senator Bingaman’s leadership in this area has also been
very, very welcome.

Thank you for this opportunity to discuss important issues re-
lated to our Nation’s energy policies. I am, as has been stated, the
Director of the National Renewable Energy Laboratory in Golden,
CO. We call ourselves NREL, so that is how I will refer to us.
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NREL is the U.S. Department of Energy’s primary laboratory for
research and development of renewable energy and energy effi-
ciency technologies. I am very much humbled and honored to get
this opportunity to be before you today.

Landscape. Never before have we witnessed here such an intense
interest and rapid growth in the renewable energy and energy effi-
ciency technology areas. And while this is certainly very, very wel-
come, we have a lot of work to do. I want to make sure that people
understand that we want the Nation to receive the full benefits
that renewable energy and energy efficiency technologies can pro-
vide.

What we need, first and foremost, is a careful and balanced
blend of new technology, market acceptance, and government poli-
cies. The specifics of policies in the Senate must be tailored to fit
the unique requirements of the systems we seek to deploy. These
are all in various stages of maturity.

At the same time, policies must be put in place with a long-term
view in mind. They must be maintained and supported consistently
to maximize their effectiveness. We have already witnessed what
can happen if our commitment is inadequate or short-lived.

Over the past decade, Denmark, Germany and Spain have sur-
passed the U.S. in production and employment of wind turbines.
Japan and Germany have surpassed the U.S. in the production of
electric-producing solar photovoltaic panels.

They did so largely by adopting technologies that were developed
here in this country, and many of those I worked on personally,
and it is very frustrating. We came up with the right technologies
but we failed to capitalize on these innovations with policies to help
us adequately spur the deployment in this country.

New energy policy must be true to the realities of our growing
economy and our natural environment. For instance, at the Depart-
ment of Energy’s National Laboratory System, including NREL,
they have worked intensely on trying to develop new technologies
for cellulosic ethanol, which I believe has tremendous promise.

I believe it has a number of attributes that are particularly com-
pelling. It will help us relieve our dependence on foreign oil. At the
same time, it is a resource that is distributed throughout the Na-
tion and that many communities around the country can take full
advantage of.

But what we are coming to understand is that, if we are to get
to where we need to be, which is significant use of this technology,
there are a number of other essential pieces of this important puz-
zle and a massive undertaking that must be addressed.

To achieve the potential of biofuels, in particular, we need to
carefully examine such questions as, where will this new supply of
biomass come from? It is a very distributed source and, with the
platform that we are building on corn, there obviously is a lot more
in terms of resource that goes beyond corn.

How will the vehicle fleet in our infrastructure evolve? Ulti-
mately, what will the impacts be on our land, our water, and our
air usage? I think these are all a number of issues that we need
to address and must be considered as we talk about how we get
to this ultimate point where we want to be.
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Answers to these essential questions have profound implications.
There is no simple academic exercise that gets us there. For this
work to be lasting and useful, it must be done in close collaboration
with industry and the private sector.

What is called for, then, is a comprehensive integrated program
plan for biofuels development which identifies and plans for all the
critical factors that are part of this massive undertaking.

Beyond advancing individual energy technologies, we as a Nation
should, additionally, establish durable criteria and priorities to de-
}:‘ermine what our national energy landscape will look like in the
uture.

As we plot a course for the future and consider the range of en-
ergy, environmental, and economic choices that confront us, we
must insist the decisions we make today are not only techno-
logically defensible, but also practical, environmentally sound, and
sustainable in the future.

The appropriateness of new technology and the sustainability
over an entire life cycle must be the guiding forces in our decision-
making. In addition, we must make new investments in our re-
search capabilities. Adequate research facilities are essential to all
of our other R&D goals.

The Nation’s world-class laboratory system, in particular, and
the leading academic institutions, I believe, need to be retooled and
funded, beginning with this year’s budget, at an adequate level and
sustained and be consistent.

In conclusion, to address our near-term needs, we need a na-
tional strategy that promotes rapid deployment of renewable en-
ergy systems and processes that are all ready and able to serve us
today. This is what I call “harvesting” the investments that we
have made in the past.

At the same time, we need to address needs on the longer term.
We must make major new commitments to the research required
to deliver the next and subsequent generations of new technology.

I do believe we do need innovations to get us to the level of sig-
nificance that I believe is ultimately available. This will not come
without a cost, but recent experience suggests that investments in
renewable energy technologies will provide significant economic en-
ergy security and environmental benefits. Thank you.

The CHAIRMAN. Thank you, Doctor.

[The prepared statement of Dr. Arvizu appears in the appendix.]

The CHAIRMAN. Dr. Socolow, I might say that Dr. Reicher is
about 15 minutes out, so why don’t you give your testimony? Then
we will get to questions, and we will hear Dr. Reicher when he ar-
rives.

Dr. SocorLow. I wondered if you were going to give me 15 min-
utes.

The CHAIRMAN. I knew you were thinking that. [Laughter.] That
crossed my mind. Take as long as you want.

STATEMENT OF ROBERT SOCOLOW, Ph.D., CO-DIRECTOR, THE
CARBON MITIGATION INITIATIVE, PRINCETON UNIVERSITY,
PRINCETON, NJ

Dr. SocoLow. Chairman Baucus, Senator Grassley, and mem-
bers of the committee, thank you for inviting me to testify today.
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I am pleased to be here in my capacity as co-director of Princeton
University’s Carbon Mitigation Initiative, as a professor of mechan-
ical and aerospace engineering at Princeton, and as an individual
concerned about the future of U.S. and global energy policy. I com-
mend you for these hearings.

In 2004, Steve Pacala and I published a paper in Science maga-
zine called “Stabilization Wedges: Solving the Climate Problem for
the Next 50 Years with Current Technologies.” We argued for a
portfolio of climate change mitigation strategies, each one an im-
mense effort on its own, each involving the scaling up of what we
already know how to do.

Among these strategies are the deepening of energy efficiency in
buildings, transport, and industry, the deployment of renewable en-
ergy, nuclear power, and biofuels, and the capture and sequestra-
tion of carbon dioxide produced at coal power plants and coal-to-
liquids plants.

Today I will focus my testimony on the strategy that has moved
to near the top of the list from the perspective of urgency: carbon
capture and sequestration, or CCS, for short.

Mr. Chairman, this really is a time of bad news and good news.
The bad news is, the two trains are on a collision course. The good
news is, there is still time to switch one of the trains onto a dif-
ferent track.

Train number one is the rush to coal power in the U.S., a con-
sequence of changed expectations about the future natural gas
price.

Train number two is the urgency of dealing with climate change,
in my view none too soon. Climate change is high on the agenda
for U.S. policy. A collision is imminent because burning coal as we
have burned it in the past sends more carbon dioxide into the at-
mosphere for each unit of useful energy produced than any other
energy source.

So the rush to coal makes the already-difficult challenge of cli-
mate change ever more challenging. The switch is carbon dioxide
capture and sequestration, or CCS. Using CCS, when coal is
burned, its carbon does not end up in the atmosphere. CCS is com-
mercially mature. It uses proven technologies in new combinations.

Carbon dioxide has long been captured at natural gas-powered
plants and coal-powered plants for use by the food industry. A 500-
mile carbon dioxide pipeline built 20 years ago has brought carbon
dioxide from across New Mexico from Southwest Colorado to the oil
fields in Texas. There are no technological reasons to delay full-
scale deployment of carbon capture and storage.

The best evidence I know for the readiness of CCS for full de-
ployment in coal plants and coal-to-liquids plants is the 500-mega-
watt CCS project at BP’s Carson refinery near Long Beach, CA.
This project of BP and Edison Mission Group received investment
tax credits under section 48(b) of the tax code for the 2005 Energy
Policy Act.

The project will gasify 4,500 tons per day of petcoke, the bottom
of the barrel at a refinery, petroleum coke, a negative-cost fuel.
Four million tons of carbon dioxide will be sent off-site each year
for enhanced oil recovery. So the entire Carson project is a dem-



15

onstration to me that we have each of the components that are re-
quired, and they are being put together there.

There is another project that is also being developed in Colorado
that is nearly as far along, in that case coal gasification, using hy-
drogen turbines for power, taking carbon dioxide below-ground at
the end of the day.

Carbon dioxide capture and sequestration is likely to become a
favorable economic strategy for a coal utility at a price of about $30
per ton of carbon dioxide. There is lots of uncertainty in that num-
ber, but it is a target number.

Prices on emissions in the same range should also enable other
upstream carbon-saving strategies, ending flaring at the oil field
and bringing new investments at oil refineries. Carbon dioxide poli-
cies should reach far upstream because the low-hanging fruit is up-
stream.

Efficiency in energy use is where the other low-hanging fruit is
to be found. A low-tech air conditioner cooling a poorly-designed
and poorly-instrumented office building is as out of place in a cli-
mate-constrained world as a coal plant without carbon dioxide cap-
ture and sequestration.

Carbon dioxide is the mischief molecule in the atmosphere, but
the miracle molecule below ground. Used for enhanced oil recovery,
carbon dioxide injects new life into old fields. Quantitatively, a new
1,000-megawatt coal plant will produce about 6 million tons of car-
bon dioxide per year.

If captured and used for enhanced oil recovery, this carbon diox-
ide should increase oil production at mature fields by about 30,000
to 80,000 barrels a day. Any carbon dioxide heading for the sky is
domestic oil not produced, and more imported oil.

Your committee is considering subsidizing synthetic fuel from do-
mestic coal, and that is why I am here. From a climate change per-
spective, unless SynFuels production is accompanied by carbon di-
oxide capture and sequestration, this is a big step backwards.

Burning coal-based synthetic fuel in a car engine instead of burn-
ing gasoline made from crude oil sends approximately twice as
much carbon dioxide into the atmosphere when driving the same
distance, unless CCS is incorporated into the SynFuels production
process, in which case coal-to-liquids fuel, CTL fuel, is no worse for
climate, no better, about the same, than petroleum fuel. “No CTL
without CCS” is not the world’s most exciting bumper sticker, but
it does carry a vitally important message.

Mr. Chairman, the sulfur trading you helped launch in the early
1990s has been a spectacular success and the template for every
cap-and-trade proposal since then, but the launching of CCS will
require a carbon trading system, plus.

I strongly recommend that your committee restrict the next in-
vestment tax credits only to coal power plants and coal SynFuels
plants that capture and sequester carbon dioxide.

Moreover, I recommend that policies specify only that carbon di-
oxide must be sequestered, with penalties for failure, then leave it
to the market to choose the specific capture and sequestration
strategy for each circumstance.

Urgently needed for the current period are policies that give
clear and persuasive signals that any new power plant without
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CCS will be penalized, not rewarded, in whatever U.S. climate
change mitigation policy emerges after the current planning period.
No one should expect the grandfathering of the newborn.

I was one of many who were delighted by the news this past
weekend that eight new coal plants with conventional technology
proposed for rapid construction in Texas will not be built. I cannot
prove it, of course, but it seems likely to me that the op-ed in the
Dallas News last month from Senator Bingaman and Senator
Boxer, warning investors and the TXU leadership that in effect
there would be no grandfathering of the newborn, was instru-
mental in derailing the construction of these eight backward-look-
ing plants.

Mr. Chairman and members of the committee, thank you for
your attention.

The CHAIRMAN. Thank you, Doctor, very, very much.

4 [The prepared statement of Dr. Socolow appears in the appen-
ix.]

The CHAIRMAN. I want to begin with Governor Schweitzer and
ask you, Governor, just your thoughts on how to coordinate State
and Federal efforts here as we become energy independent, and
also address the climate change. You mentioned that many Gov-
ernors here at the National Governors conference are trying to put
together their own cap-and-trade system.

At the same time, as you know better than I, in Montana there
are renewable portfolio standards which are required in the State.
Of course, we in the Congress and at various levels, the Tax Com-
mittee, and also Senator Bingaman’s committee, are trying to get
some energy policy put together here.

But I am asking your thoughts on the relationship between
States and the Federal Government. Where should we spend our
efforts? Where can States better spend their efforts as we attempt
to move in the same direction?

Governor SCHWEITZER. Well, let me just pat you on the back for
the things that you have already done that have helped us. CREBS
(Clean Renewable Energy Bonds) is a great step forward so that we
have a bonding mechanism for people to put up wind turbines. Ex-
tending the tax credit on these renewable sources for 10 years will
send a signal to the market that it is safe to manufacture and plan
to manufacture for at least 10 years.

In Montana, we passed a renewable energy standard so that 15
percent of our electricity, by the year 2015, will be generated by re-
newable sources. In 2 years, we are already at 10 percent. In 2
years from now, we will be at 20 percent. It seems to be working.

We have an ethanol mandate in Montana so that, once we
produce enough ethanol, 10 percent of all the gasoline in Montana
will have ethanol in it. We hope to do the same thing with bio-
diesel. There are some concerns with biodiesel. I drive a biodiesel
car.

The Colleges of Technology around Montana and the high school
students all know that I drive this car, so wherever I go across
Montana these kids will walk up to me with their home blend.
They will have a gallon or two. It is like hooch. [Laughter.] They
will pass me that bottle.

Senator BUNNING. Hooch?
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Governor SCHWEITZER. It is different than Kentucky hooch.
[Laughter.] So, I take that bottle of biodiesel home and I give it to
my wife, and she dumps it in the car. Now, it has a computer on
board and some of these kids make a blend that gets you about 43
miles per gallon, and it starts in cold weather; some down to about
37, and it coughs even in warm weather.

We do not have standards for biodiesel like we do with petro-
leum, so we are trying to pass those standards in Montana. But if
I could ask you to do one thing, one thing that will profoundly af-
fect the future of this country, Dr. Socolow talked about it, we have
to have a cap-and-trade system that is national.

We cannot Balkanize cap-and-trade. The West Coast has one
standard, the Midwest has another standard, West Virginia, of
course, has their own. We cannot Balkanize this. So, please give us
a standard that we can all live with and all utilities will be on the
same standard.

The second is, help us with carbon sequestration. We will start,
not by spending $30 a ton to pump it into the earth in our lime-
stone formations, like our Madison limestone in Montana. It will
start with enhanced oil recovery.

We have enough old oil fields in Montana that we could build
about five coal gasification plants in Montana during the next 10
years and pump that carbon dioxide back into those old oil fields,
and enhance oil recovery double or triple.

There is something called the Big Sky Sequestration Project. De-
partment of Energy has funded it with $17 million, and we are
studying the geologic structures in Montana and Wyoming. How
much carbon can we store?

We have, between the two States, 40 percent of America’s coal
supply, and we are only spending $17 million to study the geology
to develop effectively our ace in the hole. It is too little and it is
too slow. Please help us develop carbon sequestration technology.

The CHAIRMAN. Let me ask about sequestration. Dr. Socolow,
there is an article that we talked about before the hearing in to-
day’s Wall Street Journal which casts some doubt on the commer-
cial viability of carbon sequestration. I just wondered if you had a
chance to look at it, and your response.

Dr. SocoLow. Let me try. First of all, there is the capture part
and the storage part. That particular article is quoting Jim Rogers
of Duke Energy. It is a little ambiguous, what exactly he was say-
ing. Capture is commercial technology. Licensing from various ven-
dors, it seems to me, is not where the risk is. Storage is part of
the world of the oil and gas world, which is full of dry holes
and——

The CHAIRMAN. Is capture pretty well understood now? Are there
various ways to capture?

Dr. SocoLow. There are going to be many ways of capturing.
They are going to be competing with each other. That is why I
argue that we should not be directing the subsidies, necessarily, to
any particular technology. I think right now gasification is out in
front, oxygen-blown gasification. There will be capture technologies
in competition.

The CHAIRMAN. But storage is a bit of an issue?
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Dr. Socorow. Storage is the world of the below-ground wild-
catting. You will have situations—and I think we have to be in a
frame of mind—where occasional fields that turn out not to have
the integrity for storage that one expected and that gradually lose
some carbon dioxide are not show-stoppers, because you can have
insurance, you can have various ways of accepting it, especially in
the beginning.

If we take some risks—people do not say this in my field, I have
to tell you that. This is the way I look at it—1 in 10 of the places
where we think we are putting carbon dioxide away gradually
leaks it out, and we cannot do anything about it.

We even add additional carbon dioxide because we were expend-
ing some energy on capturing the stuff in the first place. We go on
from there, and we learn and we get better at it.

A slow leak of an underground formation is something no engi-
neer wants to admit can happen, but if it does happen, it is not
an abrupt leak that kills people, but a slow leak that vents the
stuff. We just have to do more sequestration at the end of the day.

The CHAIRMAN. My time has expired. But just very briefly, what
more do we need to do to better understand storage?

Dr. Socorow. Do it. Do it. Do it at full scale.

The CHAIRMAN. Governor Schweitzer mentioned some geologic
formation studies. Is that needed or not needed?

Dr. SocoLow. Well, here is how I think about it. And again, I
am not a specialist. I am learning from the people who are in the
business. The way you think of it is as a first, broad-brush scoping
of where there are promising places.

Then there is a company that decides that, with its coal plant,
it will go to such-and-such an area. Then they do an additional,
much more detailed scoping of the specific field to see whether it
is a good field, and then they will go ahead with that project. It
will generally work. The expectation is, it almost always will work.

The first brush is, the Federal Government’s role to probably get
a sense of where the formations are on a broad scale, then a plant
or location is picked and they have alternatives. They hire geolo-
gists to go figure out and detail whether a particular place is going
to work.

The CHAIRMAN. All right. Thank you very much.

Dr. SocoLow. Is there some risk? Sure, there is some risk in that
process.

The CHAIRMAN. Got you. Thank you.

Senator Grassley?

Senator GRASSLEY. Governor Schweitzer, in our State, renew-
ables always come to people’s minds, ethanol and biodiesel. In your
State, you are trying to do some diversification in this area.

One thing you did not have time to mention that I would like to
have you make a short comment on, is the crop “camelina.” Would
you tell us a little bit about that? Because I do not know anything
about it.

Governor SCHWEITZER. What a beautiful name, “camelina.” She
is a Brassica, which means related to spinach, and canola, and flax.
She is a crop that developed in Asia Minor, and she is adapted to
grow in Montana from 2,000 feet to 6,000 feet of elevation.
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She will yield from 75 to 150 gallons of diesel per acre. You can
plant her in the middle of the winter and harvest her 30 days be-
fore a wheat crop. It is a wonderful rotation.

In over 100 trials across Montana, only one trial has found that
camelina responds to any fertilizer. It is a low-input crop. It is a
great rotation. It has a wonderful yellow flower. It produces an
omega-3 oil, which is fish oil, a healthy oil. It may be too valuable
as a food product to use as biodiesel.

We are in the early development processes with this. I have met
with plant scientists as recently as last week who have one trigger
they think can double that yield during the next couple of years.

There are many promising biodiesel crops. In Montana, our eve-
nings are too cool to grow soybeans and, for the most part, corn.
But we can grow camelina, and canola, and safflower, and some of
the flax seeds.

I do not know that ethanol will produce a billion barrels eventu-
ally in this country, but I know between ethanol and biodiesel, it
will. I know that you can grow a crop in every single State in this
country that will produce a biofuel. It does not have to be corn and
it does not have to be soybeans.

Senator GRASSLEY. Thank you.

Mr. Aimone, three questions, but give me short answers. Of the
tactical vehicles, including Air Force jets, how many gallons of fuel
does the Air Force consume per year? Of that amount, how much
is consumed domestically, and what is the Air Force’s plan to ac-
quire alternative fuels made in the United States?

Mr. AiMONE. Thank you, Senator. The Air Force, in fiscal year
2006, consumed 2.6 billion gallons of fuel in all categories of liquid
petroleum, so that is aviation as well as ground vehicles.

As I mentioned in my short statement, 80 percent of that is in
the aviation sector, so the ground vehicle fleet is only about 2 per-
cent of the total energy that we use. Of that 2.6 billion gallons of
liquid product we use a year, about 65 to 70 percent of that is do-
mestic. The remainder, of course, is overseas.

Then the third question, the Air Force has a very strong desire
to proceed forward from the B—-52 test that I described. Our vision
is to be able to certify the B-52 for aviation use, unrestricted, by
the end of this summer, and we are on track to do that assuming
all the tear-down of the engine and systems that we are doing right
now pans out. So, first, the B-52.

We actually have four steps that we would like to execute in our
strategic plan for synthetic fuel. The first is cooperating with the
commercial aviation Alternative Fuels Initiative, which is primarily
an FAA- and industry-sponsored activity looking at the commercial
aviation fleet and what they could do about synthetics. The goal of
that group is to have a national standard, actually an ASTM stand-
ard, for synthetic fuels by 2009.

The second step, sir, would be to then continue the certification
process of the Air Force’s aviation fleet. I mentioned the B-52 this
year, but continue that with both our strategic airlift, as well as
our fighter aircraft, to have all aircraft certified for synthetic fuel
use by 2010.

The third is invest strategically in the right kind of research and
development to advance the processes, including production dem-
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onstrations. These would include, for example, aviation testing in
mill spec support for a family of products beyond coal-to-liquids
and natural gas-to-liquids, as I mentioned in my opening com-
ments, but to include to include oil shale and biomass as means.
We spent quite a bit of time this morning as a committee exam-
ining the subject of carbon sequestration.

Our goal is to find a way to make that carbon an asset, not a
liability that has to be buried, that in fact ultimately may be part
of a multi-feedstock gasification capability with coal and other bio-
mass materials to provide a partial renewable feed.

Then finally, the fourth element of our strategy—the first of
course, working with the commercial aviation industry; the second
to get our aviation fleet certified for manned aviation use of syn-
thetics; the third, strategic research and development investments
and looking at how we might be able to look at an environmentally
friendly kind of a plant that might meet the needs for jet fuel—
the last piece, sir, is to seek long-term contracting authority for
these kinds of products.

The Air Force, through its partner, the Defense Logistics Agency,
is limited to 5-year procurements for commodities, and we think
that part of what the Air Force needs to do is be able to enter, with
our partner, the Defense Logistics Agency, into the longer-term
contracts.

Senator GRASSLEY. The other two witnesses, I am going to have
to submit a question in writing for answers from both of you. I
would appreciate it if you would do that.

Senator GRASSLEY. Thank you, Mr. Chairman.

The CHAIRMAN. Thank you, Senator.

Now, to Senator Bingaman, chairman of the Energy Committee.

Senator BINGAMAN. Thank you very much. Thanks for having
flhis hearing. It is very useful. Thanks to all the witnesses for being

ere.

I know Dan Reicher is not here, but he, in his written testimony,
makes a strong argument in favor of establishing what is referred
to as an energy efficiency resource standard.

He talks about, we should have both a renewable portfolio stand-
ard or renewable energy requirement which would be put on utili-
ties, and then we should also have a provision, this energy effi-
ciency resource standard, to require utilities to improve the effi-
ciency with which they operate. He points to the fact that eight
States have adopted something like that.

I wonder if any of you have looked at this issue and have an
opinion on whether this makes sense as something for Congress to
do. Do any of you know about this? I can wait and ask Dr. Reicher.

Dr. Socolow, did you have a view on this?

Dr. SocoLow. Well, it is, frankly, a new idea to me as a policy
instrument. But what it is getting at is the fact that, in so many
instances today, it is still the case that an electric utility is re-
warded by the number of kilowatt hours it sells rather than what
services it can accomplish, so it is very hard to get investments in
the efficiency area.

If this policy will accomplish that, that is just terribly important.
I also think the standard setting that pushes the air conditioners
and the other major appliances forward, and the motors, is terribly
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important also. We can do so much more than we have been doing
with efficiency.

Senator BINGAMAN. All right.

Let me ask Dr. Arvizu, one of the concerns that has been raised
about us going forward in this aggressive effort to develop biofuels
that the President outlined in his State of the Union speech, is the
impact this will have on natural gas usage and what it might do
to the price of natural gas that residential customers and others
are having to pay if you have this additional use of natural gas in
ethanol plants, in biodiesel plants throughout.

I guess the question is, do we need additional tax incentives to
encourage these new plants to configure themselves so they can op-
erate off of biomass some way or other so that you do not have this
tremendous demand for additional natural gas usage? That is the
question.

Dr. Arvizu. Well, thanks for the question. I think it certainly is
a piece of the point I was earlier making regarding, you need to
think about the impacts that a very aggressive program in biofuels
will ultimately have on our land use, water use, et cetera.

The use of fossil fuels in the ethanol production process is actu-
ally quite significant for corn ethanol, in particular. What I think
we in the research community are advocating is a bio-refinery that
is totally self-contained.

In other words, there is a part of the plant matter, the lignin in
particular, that is not amenable to breaking into fermentable sug-
ars that you can generate ethanol from. It is that piece of the plant
that you can thermochemically use to create and generate power
that will power the plant.

So, ultimately I think you want a self-contained bio-refinery that
has both a thermochemical, perhaps a biochemical, process. It is
very efficient in its use of water and does not require any addi-
tional fossil fuel usage.

Senator BINGAMAN. Do we have any of those bio-refineries, like
you were just describing, in operation today?

Dr. Arvizu. No, sir, we do not. I think that is where we can en-
courage and incentivize that kind of technology by putting in the
things that I think you have already begun to do, certainly as part
of EPACT (the Energy Policy Act) 2005, with loan guarantees that
will help the investor community recognize and realize the return
on investment that they are looking for when they make the kind
of investments for these advanced technologies.

Senator BINGAMAN. We put a provision in EPACT 2005 for com-
bined heat and power installations, a 10-percent tax incentive for
combined heat and power, together including biomass, combined
heat and power. Do you have any view as to whether that has been
useful, needs to be continued, or needs to be increased?

Dr. Arvizu. I think it certainly is useful. There are a lot of things
in the EPACT 2005 legislation that are of tremendous value.

Senator BINGAMAN. I am corrected. We put it in the Senate bill
and it was not in the final bill. Go ahead.

Dr. Arvizu. All right. Let me make the point that I want to
make, which is that we need a broad portfolio of policies that are
both consistent and predictable. It is all about mobilizing private
sector capital.
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And the way in which you can get that money to start flowing—
it is flowing now—is to have policies that are enduring and, at
least, understandable and predictable from the perspective of those
who are making investments.

Senator BINGAMAN. My time is up. Thank you, Mr. Chairman.

The CHAIRMAN. Thank you very much, Senator.

Next on the list is Senator Thomas.

Senator THOMAS. Thank you, Mr. Chairman.

Thank you all.

The CHAIRMAN. Oh, yes. I am sorry. If you could suspend.

Dr. Reicher, we are very glad that you were able to make it. We
have been expecting your arrival.

Dr. REICHER. Thank you, Mr. Chairman.

The CHAIRMAN. Why don’t you go ahead? We would very much
like to hear from you first before we proceed.

Dr. REICHER. Thanks so much.

The CHAIRMAN. We want to hear from Senator Thomas, too, but
we also want to hear from you.

Dr. REICHER. I have had a rather energy-inefficient morning, fly-
ing on the red-eye from California last night. Could not land at
Dulles. We flew to BWI. Landed at BWI and sat on the runway
there. Got back in the air, landed at Dulles and finally made it.
But I am sure you have been through that many, many times.

The CHAIRMAN. It gives you a lot of time to think about all of
this. [Laughter.]

Dr. REICHER. It does. It does. That nice, long red-eye.

The CHAIRMAN. Right.

STATEMENT OF DAN REICHER, J.D., DIRECTOR, ENERGY AND
CLIMATE INITIATIVES, GOOGLE CORP., MOUNTAIN VIEW, CA

Dr. REICHER. Mr. Chairman, members of the committee, I am
very pleased to be here and have the opportunity to make a few
brief remarks. I will make these quite brief because I know I have
already passed that point in the hearing when we give opening
statements.

But I am with Google. I am the director of Energy and Climate
Initiatives at Google. Google recently set aside many hundreds of
millions of dollars to invest in energy and climate, poverty, and
global health. My focus will be on both investment and on policy
measures that can advance energy and climate.

Prior to that, I was president of a company called New Energy
Capital. It is a private equity firm. Over the last several years, we
invested significant sums of money in ethanol plants, biodiesel
plants, co-generation facilities, wood-fired power plants, and a vari-
ety of facilities around the United States, so we have some experi-
ence in how to move capital.

I was in the Clinton administration for 8 years. I was Assistant
Secretary of Energy for Energy Efficiency and Renewable Energy,
Chief of Staff at DOE, and the Acting Assistant Secretary for Pol-
icy.

I want to focus specifically, in a couple of minutes, on energy effi-
ciency. I can talk more broadly on other energy sources, but I think
when all is said and done, energy efficiency, in many ways, is the
lowest of the low-hanging fruit. Whether it is cars, factories, offices,
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buildings of all sorts, there is a significant amount of energy that
we can wring out of current use.

This low-hanging fruit, Mr. Chairman, grows back. The incandes-
cent light bulb that you replaced with a compact fluorescent one of
these days will be replaced again with yet another technology.

The internal combustion engine that we are replacing with hy-
brids today, we are going to replace down the road again with plug-
in hybrids running on biofuels. So, technology for efficiency is al-
ways developing, thus, low-hanging fruit can grow back.

McKinsey and Company did a study recently looking at the en-
ergy efficiency potential globally. Annual energy growth is over 2
percent. McKinsey and Company said, “Cost-effective investments
in energy efficiency can bring that annual global growth in energy
to below 1 percent annually,” so we can cut greater than 2-percent
energy growth to less than 1-percent energy growth through energy
efficiency, and that is very, very significant.

If there is one message I want to leave today, it is that Federal
policy—Federal policy—can truly stimulate private sector invest-
ment. And understand, this private sector investment has to be lit-
erally in the trillions of dollars over the next few decades if we are
going to make the changes to our global energy system that will
both meet demands for energy and deal with global climate change,
energy security, economic competitiveness, poverty alleviation, and
all the other things that we need to deal with in our energy sys-
tem.

Federal policy is critical for stimulating private sector invest-
ment. You need only look at the success we have had with ethanol.
We put Federal tax credits in place, we put a Federal mandate in
place, lots of investment flowed. Of course, oil prices went up and
that helped as well, but it was that Federal policy that gave quite
a push.

The unfortunate thing is that energy efficiency has not enjoyed
the same kind of Federal policy support, so I just want to tick
through a list of things that I think you should consider to leverage
greater private sector investment in energy efficiency.

First, is putting a price on carbon. We have to get to climate con-
trols. We have to get to climate legislation. We can debate what the
mechanisms are, but ultimately we have to internalize the price of
carbon emissions. If we do that, that will send a very positive sig-
nal to the investment community in terms of energy investments
in cleaner technologies.

Second, we do need to strengthen CAFE standards, the Cor-
porate Average Fuel Economy standards. There is no doubt about
it. That is a very, very significant energy-using component of our
economy. CAFE itself is the single biggest step that the Federal
Government has ever taken in terms of energy efficiency, it is just,
we have not updated those standards in years.

Third, as you consider a Federal renewable portfolio standard,
which I know the Senate adopted a year ago, consider a com-
plement to that, what is called the Energy Efficiency Resource
Standard. It has come up to Capitol Hill as a proposal recently,
and it would be a wonderful complement to a renewable portfolio
standard.
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It would set a target for decreasing energy use, increasing energy
efficiency, as it were, among utilities and gas suppliers over the pe-
riod of 2008 to 2020. Essentially if you could put an RPS, Renew-
able Portfolio Standard, together with an Energy Efficiency Re-
source Standard, you could both decrease demand and begin to
move cleaner sources of supply in. They are very complementary,
and I strongly encourage you to consider them.

Fourth, I think tax credits are very, very helpful. The Energy
Policy Act’s tax credits that you adopted have been a great stim-
ulus to investment. The building-related tax credits have been
helpful, but they need to be extended. They need to be strength-
ened.

I know that Senators Snowe and Feinstein introduced legislation
last year that would extend those important energy efficiency tax
credits, and I urge you to take up that proposal.

Fifth, weatherization assistance. I think we are headed in the
wrong direction when it comes to energy efficiency for the poor. In
one sense, we are buying down poor people’s energy bills through
the LIHEAP program, a one-shot investment in their energy bills.

It is a critical thing to do, but it does not get to the heart of the
matter, which is improving the energy efficiency of poor people’s
homes. That is what weatherization assistance does. Instead of
that budget going up over time, it has been going down. In fact,
the administration has proposed a $100-million cut.

We propose a major increase in weatherization to radically cut
residential energy use, particularly among low-income people. With
that will come vast energy savings, climate reductions, jobs, and we
would propose trying to get to a point where we are weatherizing
a million homes a year in the United States.

Lastly, one of the least-heralded energy efficiency success stories
in the United States has been the appliance efficiency standards,
boring old white goods that you sell in a store: refrigerators, freez-
ers, air conditioners.

The good news has been, over the last couple of decades we have,
for example, set standards which have taken the energy use of a
refrigerator down by two-thirds. The same for air conditioners.

The unfortunate thing is, despite a lot of progress over many
years in adopting these standards, in the last 6 years almost none
have been adopted, and the administration is now under court
order to adopt more than 20 standards in the next 4 years.

I urge you to move that process along, provide DOE with the
funding that it needs to get those standards written, and ensure
they are as strong as possible.

So with that, I just want to say that if you want to leverage pri-
vate capital to change our energy systems, one of the best ways to
do it is to focus on Federal policy related to clean energy. Thank
you.

The CHAIRMAN. Thank you, Dr. Reicher. That was very, very
helpful.

[The prepared statement of Dr. Reicher appears in the appendix.]

The CHAIRMAN. Senator Thomas, we have been waiting for you.

Senator THOMAS. Thank you, sir. I have been anxious to go.

Well, thank you very much for being here. I know this is a tough
issue and we need to deal with it. I guess the thing that I have
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on my mind as we go along here is, we are going to go to alter-
natives one of these days, but it is going to be a while.

In the meantime, I think we have to focus a little more on where
we are going to be in the next 10, 15 years, because we are not
going to be in alternatives. We are not going to have wind energy
to do all those things, I do not think, in that very short time.

Governor, you mentioned that we have not moved forward. I
have to tell you that I think in Wyoming, we have moved forward
quite a little bit, as a matter of fact, in energy, and we have moved
forward on coal, and all those things.

In terms of clean coal technology, many of the major benefits
come to the States. What do you think the States’ role is in causing
this to happen?

Governor SCHWEITZER. What we can do is work with the Federal
Government to facilitate the sites. We will place those sites. The
sites are most likely to be built mine-mouth, or even better, mine-
mouth that is co-located with carbon sequestration zones. You can
help us in financing or help us in bonding transmission lines. Wyo-
ming and Montana have a great opportunity of delivering more
electrons to the Southwest.

California alone is asking for 25,000 megawatts of electricity; Las
Vegas needs 5,000; Phoenix needs about 5,000 just in the next 10
years. They are all looking to Montana and Wyoming to deliver
those electrons.

We are kind of stuck in between right now in terms of tech-
nologies. If you build a pulverized coal plant today, you may be
subjecting your rate payors for the next 30 years to pay a carbon
tax.

If you say you want to build an integrated gas combined cycle
coal plant and sequester the carbon dioxide, you immediately add
25 percent to the cost of the electricity for those rate payors.

If the Federal Government places a cap-and-trade system so we
are playing on a level playing field, transmission lines will be built
and companies will begin to build these IGCC plants.

In many ways, those private developers and the States are wait-
ing for Congress to make those decisions of what the playing field
will look like. When those decisions are made, believe me, the
transmission lines will be built and the integrated gas combined
cycle with coal will be built, and we will sequester the carbon diox-
ide. Thank you.

Senator THOMAS. We have made a number of those decisions, but
tﬁe funding has not been made available to do some of those
things.

Dr. Arvizu, your research seems to be all in the future, when the
real challenge is in the short term. What kind of research are you
doing to help us fill that vacancy between your long-term research
and what we need in the next 5 to 10 years?

Dr. Arvizu. Let me be clear. I have been in the renewable energy
business pretty much all of my professional career, so I have actu-
ally seen it when it was strictly research and very much, I would
think, in the demonstration mode. That has changed dramatically.

Today, the renewable energy industry, by some estimates, I
think, coming out of the U.K., is over $70 billion worth of annual
sales investment. The investment in new technology is also grow-
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ing rapidly, but there is, in fact, an industry that is what I would
call very much mainstream in other parts of the world. With public
policies in Europe, and some now following that lead in Asia, you
see technology going into the marketplace.

Senator THOMAS. So you think a lot of it is there and we have
not given the incentives to use it. Is that it?

Dr. Arvizu. We have technology today that can be used to actu-
ally make a significant dent in our energy use. The answer is yes.
I think, long-term, if we are going to get to a large fraction of our
engfrgy from renewables, we need the continued investment in the
R&D.

Senator THOMAS. Thank you.

Dr. Socolow, you seem to be very critical of coal. Coal is our
greatest source for this rather short-term time. Now, we can do
some different things with it, but it seems like it is a little tough
to be negative on what is apparently our biggest source of energy
for the next 5, 10 years.

Dr. SocoLow. More than for 10 years. And if I am critical, I am
trying to be a friend of coal.

Senator THOMAS. Oh. Well, I did not recognize that.

Dr. SocorLow. Well, then I did not express myself well. It seems
to me that the problem, if we take climate as a truly dominant con-
cern, looking out decade after decade from here, there is a collision
course between coal and climate unless we bring a whole set of new
technologies to bear on coal.

The good news is, they exist and they can make coal and climate
compatible. Without them, there really is a problem for coal inter-
nationally. The coal industry has a major opportunity here to start
demonstrating that it is serious about the climate problem and will
move forward. I am not talking about a world without coal.

Senator THOMAS. All right. Very good. And it is going to take an
investment that I presume will end up being in the cost of energy,
to some degree.

Dr. SocoLow. Absolutely.

Senator THOMAS. Yes. Thank you, sir.

The CHAIRMAN. Senator Stabenow?

Senator STABENOW. Thank you, Mr. Chairman. And thank you
very much for an excellent hearing.

Governor, it is always good to see you. Mr. Aimone, I have to tell
you, my husband is an Air Force veteran, so I am always glad to
hear about the good things happening in the Air Force.

With another branch of the Armed Services, I was pleased to join
Senator Levin and General Motors last fall with the Army, who is
now field testing 100 hydrogen fuel-cell vehicles. So, I am glad to
see the Armed Services really moving out aggressively in this very
important area.

To each of you, welcome. I am very pleased, Mr. Reicher, to see
you here as well. I want to say that we are very proud. Google is
expanding in Ann Arbor, MI, and we are extremely excited about
that, so we are proud to have you with us today.

Dr. REICHER. Thank you, Senator.

Senator STABENOW. When we look at this issue, which is so crit-
ical to us, I guess I see, number one, it is exciting to see now in
the new Congress that we are acknowledging that global warming
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is real and aggressively moving forward on how we can work to-
gether to address it.

It is also a national security issue. Very clearly, our whole na-
tional security policy would change if we were not dependent on oil
from the places in the world where we are.

It is also about jobs, though. I would say, coming from Michigan,
not only making automobiles and moving quickly on alternatives
fuels and so on, but we make the wind turbines, which I believe
is closer than my colleague believes, we are doing it right now, and
ethanol and biodiesel plants and all that, it is jobs. I think we can
do both as we move forward.

My first question relates to the farm bill. The Chairman, the
Ranking Member, myself, a number of us are on the Agriculture
Committee, and we are writing a farm bill.

The last time in the farm bill, we put in an energy title for the
first time. It was really a small—important, but small—effort that
I know the chairman of the committee, I know our Chairman here,
and Chairman Harkin, working with Chairman Bingaman, are
looking at.

If you were to pick one or two things that we could do—and I
would ask any of you to respond—within the context of the farm
bill that would be most helpful as it relates to moving forward on
biofuels, what would that be? Governor?

Governor SCHWEITZER. The most important thing that we can do
is these emerging crops that will produce fuels. I mentioned
camelina, but also crops like safflower and canola, non-traditional
crops. Unfortunately, our insurance program is built around the ex-
isting crops.

So if you are a farmer who is willing to experiment and grow a
new crop that has not been grown in your area, the Federal crop
insurance will say, well, we are going to set these yield levels that
are so low, that it is going to chase you back to growing corn, or
wheat, or soybeans. So I think we have to be realistic and set yield
levels so that farmers will try these new crops.

Senator STABENOW. So you are suggesting that crop insurance be
expanded.

Governor SCHWEITZER. Crop insurance be expanded to these
emerging crops, and set the levels that are high enough so that a
farmer will try these new crops. If there is a crop failure due to
climate, that they are going to be at least even as if they would
have tried wheat, corn, or soybeans, their traditional crops.

There is another one. A State like Montana is not likely to be one
who produces a lot of ethanol with a lot of plants. Our distances
are too great. So in order to produce enough corn for a commercial-
sized ethanol plant, or barley, or wheat, we end up trucking it 150
or 200 miles in a concentric ring around that plant.

Biodiesel is something else. We have farmers in Montana who
are producing biodiesel on their own farms, 50 gallons a day. They
can build their own plant for $10,000.

Twelve or fifteen farmers could come together and build a bio-
diesel plant, where only a few thousand acres are produced to go
to that plant and they can produce that biodiesel very effectively
and very efficiently with less trucking. They will use that crop at
home.
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Here is the beauty of this thing: whatever crop you have in your
backyard that will produce a biofuel, produce it and use that
biofuel at home so that we are not transporting oil clear across this
continent in order to get it to a farmer to put in his tractor.

If you incent those farmers to grow the crops that will produce
the biodiesel, and then you have a loan guarantee for them to build
their own biodiesel plants, then they will begin using that biodiesel
in their Case tractor, in their John Deere tractor, in their Cater-
pillar tractor.

And by the way, the manufacturers only allow up to 10 or 20
percent biodiesel in their engines in the United States; some of
those same engines are up to 80 percent in Europe. So I would sim-

ly say to the manufacturers, do not expect a farmer to pay
gSO0,000 for your tractor if you will not allow the farmer to use
their own oil in your tractor. Thank you.

Senator STABENOW. Thank you.

Dr. Reicher?

Dr. REICHER. Senator, at New Energy Capital where I was pre-
viously, we developed and invested in three corn ethanol plants
and the first biodiesel plant in the Northeast. So, based on that,
I guess I would make several recommendations.

First, I do think alternative feedstocks, alternatives to corn and
soybeans, are going to be important. Corn is the backbone of the
ethanol industry, but everybody knows that we are going to get to
a point where that corn supply cannot continue to provide the feed-
stocks we need to grow the ethanol industry. So, I think building
on corn, but using the farm bill to encourage other feedstocks for
both ethanol and biodiesel, is critical.

Secondly, I think cellulosic ethanol, which you have talked about
this morning, making ethanol from waste and energy crops, and all
sorts of things, makes an awful lot of sense. I think probably look-
ing at a tax credit that goes beyond the regular tax credit for corn
ethanol would make some sense.

One of the things that you put in the original energy title in the
farm bill is a grant program for both renewables and energy effi-
ciency, heavily over-subscribed. I would suggest you increase that
grant program.

It has been very useful on the farm for people seeking to put up
small farm-scale wind turbines, increase the efficiency of farming
and agricultural processes, a whole variety of things. That has been
a good program.

I also would suggest that we were the beneficiary of a USDA
loan guarantee for our biodiesel plant in Delaware. It worked ex-
tremely well for us. But one thing to look at is potentially increas-
ing the upper limit of those loan guarantees. They are capped, and
it would be worth exploring whether those could be raised.

The CHAIRMAN. Thank you very much. I appreciate that. Thank
you.

Senator STABENOW. Thank you.

The CHAIRMAN. Senator Salazar?

Senator SALAZAR. So much to talk about, Mr. Chairman, and so
little time.

The CHAIRMAN. I was thinking the same.
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Senator SALAZAR. Let me just say thank you to a stellar group
of witnesses. I appreciate the dialogue. You were all great.

I have two questions, and they are to Governor Schweitzer, Dr.
Arvizu, and to Dan Reicher. The first of those questions is, what
in your mind—and you are going to have to each be very quick, like
a 1-minute response—are the two or three most important incen-
tives that we could create out of this Finance Committee to make
the vision that has been outlined here on a bipartisan basis?

I look at the legislation that we already have, bipartisan legisla-
tion: renewable energy bonds, rural wind energy development, the
Energy Efficiency Incentives Act, the Securing America’s Energy
Independence Act. There will probably be a thousand of those
things that we will be dealing with here.

What are the top three that you think would be most instru-
mental for us to move this energy independence agenda forward?
That is question number one.

Question number two: Renewable Portfolio Standards. I know,
Brian, what you have done in Montana. It is exemplary. In Colo-
rado, we started out at 10 percent by 2015. Yesterday, the legisla-
ture adopted a 20 percent by 2015 RPS. Doesn’t it make sense to
do a national RPS? If so, what is it that we ought to be aiming at
with respect to the national RPS?

So let us start with you, Dr.—Governor Schweitzer, and then we
will just move down the table.

Governor SCHWEITZER. Well, I thought that you had elevated me.
As you know, I went to Colorado State University. But I only have
a bachelor’s degree, not a doctor’s degree.

Senator SALAZAR. We can arrange an honorary doctorate any
time you want to come back to Colorado. [Laughter.]

Governor SCHWEITZER. Even though I got “C”s? [Laughter.]

Senator SALAZAR. You are Governor. It does not matter what you
did when you were in college.

Governor SCHWEITZER. Renewable tax credits are the most im-
portant thing. Give a signal to those who manufacture this equip-
ment for at least 10 years. That is the most important thing that
we can do here.

The other thing is, you actually, in the energy bill, have loan
guarantee provisions, but the money has not been made available
through the Finance Committee so that we can begin building some
of these coal gasification plants.

Senator SALAZAR. So we have production tax credits and the loan
guarantee programs. Now, RPS?

Governor SCHWEITZER. I have already signed on to 25 by 25. I
was the first Governor to sign on; some of you Senators have also
signed on, that by the year 2025 we will be at 25 percent. I think
that we do need to have a national standard. I think we need a
challenge to get to 20 percent soon, and I think that 25 by 2025
is reasonable.

Senator SALAZAR. Twenty-five by 2025 works.

Governor SCHWEITZER. That is right. Thank you.

Senator SALAZAR. Dr. Arvizu?

Dr. ArviZzu. Well, see, I am going to second this thing about the
production tax credit. I think it is absolutely essential, even for the
wind industry. The prices for wind turbines have increased over
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the last 18 months, primarily because of the commoditization kinds
of things. The price of steel has gone up.

They are beginning to make a profit at some of these things,
which I think is a good thing to be doing. As a result, the prices
have gone from $1,000 a kilowatt to over $1,800 a kilowatt. So we
need long-term credits to help shore up that industry.

I also think, certainly in the case of cellulosic biomass, the loan
guarantee is actually a very good mechanism to help defray some
of that financial risk that exists in building those first-of-a-kind
type plants that are just now going into place.

Regarding the national RPS, I find that the RPSs that the States
have implemented have been very positive and very valuable. I
know that certainly Xcel has found that having that experience in
Colorado is actually putting in a very positive business case for
some of the things that they are doing.

It is problematic, I believe, to have a national RPS without recog-
nizing the differences from region to region of the country. So my
offering would be that some sort of an interstate renewable energy
credit trading mechanism might be something to consider as we
think about, how do we do that.

Senator SALAZAR. A question I will ask you later is, could you do
an RPS, maybe the 25 by 2025, with a State implementation or re-
gional implementation program, kind of like we do with a lot of the
environmental programs that we already have?

But I only have another minute, so let me ask Dan Reicher.

Dr. REICHER. Very quickly, Senator. I think long-term extension
of the production tax credits makes an awful lot of sense, at least
5 years. The problem in the investment world is, with a 2-year ho-
rizon, it makes it very difficult to make those kinds of investments
to get projects on the ground, get them up and running.

Second, I think we should complement the production tax credits
with aggressive energy efficiency tax credits. As I said, I think be-
fore you came in, efficiency and renewables work extremely well to-
gether, both lowering demand as we bring cleaner energy sources
in.

Third, in terms of the RPS, I think we should push to 20 percent
if we are looking at electricity; 25 by 2025 for a longer period of
time also makes sense. But I think an aggressive RPS, I think we
can figure out how to do it nationally. Not to say that there are
not challenges, but we can implement it.

Also, again, I would complement the RPS with what I described
briefly in my testimony as an energy efficiency resource standard.
This 1s a standard that would——

Senator SALAZAR. Thank you very much. I appreciate your quick
responses.

The CHAIRMAN. Thank you, Senator, very much.

Senator Bunning?

Senator BUNNING. Five minutes is awfully short.

First of all, I compliment you all on your testimony. Governor
Schweitzer, I thank you for endorsing S. 155, the Coal-to-Liquid. In
your testimony, you did that. I appreciate that because that is one
way to get there in a hurry. If we would fund the 2005 Energy bill
properly, we could get there in a hurry, because the technology is
there.
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Carbon sequestration is an absolute must, and we can use the
byproducts, the carbon sequestration, to do exactly what the Gov-
ernor has said in the oil fields, make sure that you put the plants
where you can transfer into gasification, or put it into a big pipe-
line and send it to the oil fields, the carbon sequestration.

Mr. Aimone, in your testimony you said that coal-to-liquid fuel
faces considerable technical, environmental, and economic issues.
But there is significant evidence that suggests otherwise.

The Assistant Secretary of the Air Force, William Anderson, and
I visited in our office. He talked to me about the testing of the B—
52. There is significant evidence that suggests that South Africa
has fueled jets for decades on coal-to-liquid fuel.

The Air Force is nearly finished, as you said, with successful B—
52 certification. Users who replace conventional fuels with CTL
fuel receive the environmental benefits of an ultra-clean, virtually
zero sulfur fuel. While I agree that there are economic issues, they
center on the government’s incentives that this committee is ex-
ploring today.

If the Defense Logistics Agency expressed a preference for syn-
thetic fuels, is anything stopping the Air Force from purchasing
that fuel at market prices today?

Mr. AIMONE. No, sir. In fact, the Defense Logistics Agency has
a pre-solicitation on the street for 200,000 gallons of synthetic fuel
this year. The Department of Defense’s Logistics Agency should put
that out as a formal Request for Proposal towards the end of this
week, seeking delivery within the June/July time frame.

Senator BUNNING. One of the big problems in the changes that
we have put in our new Senate bill for coal-to-liquids, is the length
of the contract. Five years is not a long enough contract for security
for those who want to invest $2 billion, or §3 billion in a plant to
produce that kind of a coal-to-liquid. So we have put in a 25-year
window for the Army and the Air Force, and anyone who wanted
to use that, in our bill. Would that be helpful?

Mr. AIMONE. Sir, I believe it would be helpful. Yes.

Senator BUNNING. So expanding the time. All right.

Dr. Socolow, there seem to be very, very strong feelings on coal
one way or the other, but we have a 25-year supply of unbelievable
amounts. Now, we can go both ways, but we have to secure the se-
questration, as you suggested. If we do it properly, can we use coal
efficiently, as you suggested?

Dr. SocoLow. Yes.

Senator BUNNING. We can?

Dr. SocoLow. Yes. I mean, I think——

Senator BUNNING. Well, see, I got the same feeling that Senator
Thomas did in your testimony, that you were anti-coal. I maybe
misunderstood you.

Dr. SocoLow. Well, the two of you got it wrong from my perspec-
tive.

Senator BUNNING. All right. We have the same ears.

Dr. SocoLow. Yes. I think it is because it is an unfamiliar mes-
sage, frankly, which is, there is a technology—a whole class of tech-
nologies—that appears to have no show-stoppers. There is going to
be a lot of learning. But the carbon capture and storage, combined
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with coal, gives you using coal for centuries within the climate con-
straints, which are very severe.

Senator BUNNING. For electric and for other fuels?

Dr. Socorow. I think so. The question is, is there going to be
sufficient pore space below ground? The question that the inter-
national R&D community asks, in looking at coal and carbon cap-
ture and storage, no other critical question, is ultimately how much
storage capacity is there below ground internationally in forma-
tions that are typically ones that did not hold oil and gas? They
will get us started, but the other ones are going to be the important
ones over the century scale.

Senator BUNNING. But there are other uses, byproduct uses.

Dr. SocoLow. Byproduct uses are not going to be sufficient.

Senator BUNNING. In other words, there is going to have to be
storage.

Dr. SocorLow. There is going to have to be storage. The judg-
ments about pore space, we have not had enough of a survey. I
could put in an argument here that one of the things important to
do now is more of the surveying of the U.S. for the below-ground
storage capacity.

Australia has done the best job so far of any country because
they believe it is part of the future of coal. The U.S. Geological Sur-
vey is capable of doing a deeper survey. As I said, individual
projects will be still deeper than that.

So the first question is, is there pore space below-ground for cen-
tury-scale storage? I believe the answer is almost probably yes, or
maybe I could say almost surely yes.

Senator BUNNING. What I am trying to get to is, we do not have
to reinvent the wheel to advance this technology quickly. All we
have to do is incentivize it properly.

Dr. SocoLow. I believe that is correct. I believe a strong cap-and-
trade system that puts the carbon price in the range of $30 a ton
of carbon dioxide in play will be a very important part of that, plus
the subsidies for the early movers.

Senator BUNNING. Thank you very much.

Mr. AIMONE. Senator Bunning, if I could just offer one thought.
Back in the 1980s, the Synthetic Fuels Corporation was created.

Senator BUNNING. We had a plant in Kentucky, I know.

Mr. AIMONE. There was a plant. But there was a book written
in 1987 called, “The Unfulfilled Promise of Synthetic Fuels.” It is
an interesting book to read 30 years later. What is it that we have
learned in the last 30 years? I encourage the committee to examine
that a little bit. We do have coal gasification operations in this
country today.

Senator BUNNING. But not on the scale of commercial use.

Mr. AIMONE. But at least they are there and answering some of
those technical questions that I raised in my testimony, including,
for example, scaling this up. Understanding an industry that can
build to this technology, the economics of it and the like, all drive
to, what have we learned?

The university system is 20-plus years in further understanding
of this than both the engineering and sciences communities. We
have modern plants operating in Qatar and Malaysia, and certainly
some in China being built today to learn from. As you mentioned,
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SASIL has 30 years of operation. These are different than where
the industry was in 1975 when the industry was attempting this.

Senator BUNNING. Thank you very much.

The CHAIRMAN. Thank you, Senator.

I am going to have to leave, if Senator Grassley has any ques-
tions. You have all been just terrific. I think this has been one of
the best hearings this committee has had in a long, long time.

Governor, you clearly know what you are talking about. You
have spent a lot of time thinking about this in our State, and talk-
ing all around the country, and many people deeply appreciate your
energy, and also the depth of your knowledge on this subject.

Mr. Aimone, clearly the military—the Air Force especially—and
all the energy it consumes is a huge part of this. Thank you so
much for your contribution, a vitally important part of one of the
big pieces of the puzzle here that you are helping to solve for us.
Thank you so very much.

And Dr. Arvizu, Senator Salazar was right, you, too, know your
stuff. I mean, it is clear that you have given deep thought about
this and all the different aspects, and it is a real driver in getting
this to move ahead with your agency and your organization you are
working with.

Dr. Socolow, thanks so much for helping shed a lot more light on
carbon sequestration. There is a lot of fog around it, but it is clear,
in my judgment, that we have to move aggressively in that area.

I do have one question to ask you. That is, if all power plants
were to sequester, is there enough underground storage capacity?

Dr. Socorow. This is the kind of question that the IPCC (Inter-
governmental Panel on Climate Change) deals with with climate,
trying to state a probabilistic answer in terms of likely and more
likely with various numbers. The answer, essentially, is likely, yes.

The CHAIRMAN. All right.

And Dr. Reicher, I am sorry for all the red-eye and all that you
had to go through, but it is clear that that did not dim your think-
ing. You were very clear with your ideas, too.

We are going to have a lot more hearings on this subject in this
committee. This is only the beginning. We may invite you back or
figure out some way to make best use of your talents, your exper-
tise, and your substance. I just cannot thank you enough for all the
time and energy, if you will, that you have devoted in coming here,
and I just thank you very, very, much.

Dr. REICHER. Thank you, Senator.

The CHAIRMAN. I will turn it over to Senator Grassley.

Senator GRASSLEY. Listen, I am not going to keep you long. I am
going to ask the questions that I was going to ask you to answer
in writing; it will save you some time as well.

So, I have just one question for the three people on the right-
hand of the panel; I asked the other two earlier. For Dr. Socolow,
the fertilizer industry has a long history of capturing carbon diox-
ide and selling it and using it to produce additional urea, com-
bining carbon dioxide with ammonia.

In your testimony, you have said carbon dioxide capture is a ma-
ture technology. I know my farmers from Iowa use a lot of fer-
tilizer. You mentioned that the fertilizer industry captures and
uses a lot of carbon dioxide.
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One of our energy problems is fertilizer production going offshore
to countries with cheap natural gas. If our domestic fertilizer
plants close because of high natural gas prices, will we not lose all
the experience in carbon dioxide utilization?

Dr. SocoLow. The last part, I am really not sure about. The
main point I was making in my testimony—I did not say it here
in the hearing—was that it is the case that, in the process of mak-
ing urea, almost all of the technologies that are above ground are
in play, that are involved in capturing carbon dioxide in a natural
gas or a coal-fired plant.

The same technologies used to make urea in China are based on
coal, which is to say you gasify the fuel, you make carbon dioxide
and hydrogen, you make the hydrogen into ammonia, and then you
bring the carbon dioxide back to combine with the ammonia to
make urea.

So you really have in that industry a demonstration of the com-
mercial readiness of the carbon capture part of capture and stor-
age. If it leaves offshore, I do not know if that is an intellectual
property that one loses. I would not be sure of that.

Senator GRASSLEY. All right.

Then Dr. Arvizu, you said that Europe and Asia have grown to
dominate a $40-billion international energy technology and equip-
ment industry. What part of the market does the United States
still have?

And a second question. You mentioned that, since the establish-
ment of the National Renewable Energy Lab, and over the last dec-
ade, Denmark, Germany, and Spain have surpassed the United
States in production and deployment of wind turbines, and Japan
and Germany have surpassed the United States in the production
of electricity-producing solar panels. What, in your opinion, should
Congress do to turn those trade issues around?

I might partly answer your question, that just recently in Iowa
we had Siemens decide to locate a plant in Madison, IA, and an-
other company from Denmark is interested in locating something
in Iowa. But beyond that, answer my questions.

Dr. Arvizu. All right. On the first question, where do we still
have, perhaps, dominance? I would say that is in the technology
R&D world, both in the solar photovoltaics and, for that matter, I
think some of the advanced concepts in wind energy and biofuels.
I think the U.S. still enjoys technological leadership there.

What we have lost is the production capacity at this point. And
again, those are primarily driven by these public policies in these
other parts of the world.

What I think we can do to try to gain back a position of some
level of prominence is, it really has to do with maintaining our
technological lead. I think, wherever the innovation occurs, that is
really where the opportunity for job creation and wealth creation
really occurs.

So I think we have moved to the point now where I think the
next big market in the world will be the U.S., and it would be cer-
tainly a shame to have us importing the technology that we spent
so many taxpayer dollars to build.

So it is important, I think, that we try to localize our industry
so that the innovation continues to occur here and the job creation
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occurs here. I think that is happening. The reason these foreign
companies are moving into the U.S. is because this is where the
markets are, and that is where the opportunity really is. I think
public policy can help aid that in making certain that wealth cre-
ation and those jobs occur here.

Senator GRASSLEY. All right. Thank you.

And Dr. Reicher, my last question. Your specialty is structuring
public/private financing for energy technology. Could you talk brief-
ly about the roles of foundations, Wall Street, and the government
in funding the next generation of domestic energy?

Dr. REICHER. Yes, Senator. I think the key is that most of the
capital is going to come from the private sector. If we are, indeed,
talking literally trillions of dollars that we are going to need over
the next several decades, it is going to be private capital.

What the Federal Government can do is two things. One, is as
Dr. Arvizu said, provide support for R&D to move technologies out
of the lab. Second, the Federal Government can provide policy in-
struments that really drive this private capital to where it ought
to go. So, standards, credits, a whole host of instruments that can
really move private capital.

As you know well, it has made a huge difference in the ethanol
industry, having both a tax credit and a renewable fuels standard.
If we could move those sorts of instruments of policy, make them
long-term—the problem, you know, with the production tax credit,
is that it is an on again/off again incentive.

If we can make those long-term, if the investment world can rely
on them, lots of things will happen, including, to your earlier point,
locating more wind manufacturing, solar panel manufacturing in
the U.S. The problem here is, companies look at the U.S. and they
say, we just cannot make a bet on this market because it is so up
and down. So that long-term, consistent Federal policy can help.

One more thing I would like to mention in the area of sequestra-
tion. We mostly talk about coal and sequestering the carbon dioxide
from coal. There is an interesting twist on that. That is that we
can also sequester the carbon dioxide from the use of biomass for
power and fuels. The interesting thing about that is, it is the same
carbon dioxide, so technically whatever we develop in terms of se-
questration for coal we can apply to biomass.

The interesting thing about biomass, though, is it is what we call
“carbon neutral.” The plants take the carbon dioxide in when they
grow and they release carbon dioxide when you produce energy, as
opposed to the carbon dioxide having been underground for mil-
lions of years in the case of fossil fuels.

So what the sequestration of carbon dioxide from biomass would
do is actually cause a net decrease in atmospheric carbon dioxide,
because you have gone from a neutral carbon dioxide cycle to actu-
ally sequestering that carbon dioxide, and it would cause a net re-
duction in atmospheric carbon dioxide.

The National Academy of Sciences has talked about this, and
others have looked at it. So we can piggy-back on this sequestra-
tion research from the biomass side. I think that is very exciting
in farm country; I think that is very exciting in the forest products
industry.
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Black liquor gasification, ethanol, you name it: there is a whole
host of things we can do with biomass. If we apply carbon seques-
tration technology to that, we are going to be that much further
ahead.

Senator GRASSLEY. Thank you.

Senator, do you have a question?

Senator BUNNING. Yes. I have just a couple.

Senator GRASSLEY. Go ahead.

Senator BUNNING. I want to get back to the carbon sequestration
globally. Because we can get it zeroed down in the United States
of America, we can get it to nothing, and, if China and India do
not do the same, we are going to have the same problems that we
have right now.

Is it not necessary for everybody to get on the same page on
that? Dr. Socolow, I would think that you would be——

Dr. SocoLow. I think a lot about this. You are absolutely right.
China is investing in coal power and in coal-to-liquids at an incred-
ible rate.

Senator BUNNING. Yes.

Dr. SocorLow. And we don’t have the standing to say much to
them.

Senator BUNNING. Well, we do. We have a big market for their
products.

Dr. Socorow. I am talking specifically in the industry, like peo-
ple involved in the same jobs and marketing the same technologies.
So if we move, it seems to me, then we have the credibility——

Senator BUNNING. The standing.

Dr. SocoLow. They are not as courageous as we are about new
technology. I think it is unlikely that they would do something in
this area first, although people say it might happen.

I think if we do what we are expected to do, we're the leaders
in so many different ways and we move in this, then we go and
say, look, it works and you have to do it, too. We also have the ex-
pectation, if they are capturing and storing carbon dioxide, there
is going to be more of it going on there, in the early years, anyway.

Senator BUNNING. They have lots of room to store.

Dr. SocoLow. And we learn from each other because there is
transferrable

Senator BUNNING. Technology.

Dr. SocoLow. There is transferrable insights and information,
and larger markets for the technologies, and so forth. So it really
can be win-win, but it will not start if we do not start.

Senator BUNNING. Doctor, you mentioned in your testimony a
base price of $40 per barrel. Was it not you who mentioned it?

Governor SCHWEITZER. I am guilty.

Senator BUNNING. You are guilty? I am sorry, Governor. Since
you only have a what-you-call-it degree, a normal degree, all these
other doctors, I thought maybe they had mentioned it, because I
think that is essential, if we are going to advance this technology
beyond speculation, for it to have a base price with new tech-
nologies like coal-to-liquids, like other technologies for fuel-based,
whether they be from Iowa in ethanol, whether they be from the
new different types of grasses that you were talking about, because
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that ?gives stability to the marketplace. Is that an accurate esti-
mate?

Dr. Arvizu. It very much is. For cellulosic ethanol, the price
point is somewhere at $50 a barrel. Unless the price of oil stays
above that, the investors are not going to get their turn, right?

Senator BUNNING. But if we had a base.

Dr. Arvizu. But if you put a floor that says we are going to pro-
tect you if the price of oil drops below that, then certainly that
would do that. The interesting thing is, I have met with oil compa-
nies and oil company executives, and certain ones which I will not
name by name, but they have a very low price point.

In order for all companies to actually make investments, their
price point is down around $25 to $30 a barrel, as opposed to what
we think about in the R&D arena where I work, is in the $45 to
$55 a barrel.

Senator BUNNING. Or the $61 a barrel like now.

Governor SCHWEITZER. Or greater. Exactly. But there is a large
gap there, and that really needs to be something that needs to be
addressed by, perhaps, folks on this committee.

Senator BUNNING. But that could be something that could be in-
cluded as a national base, particularly for the military, if we used
that as a base for the Air Force so they could go out and make sure
long-term contracts are not going to get hammered if the oil price
happens to hit $30, that we would be protecting them at $40, the
Air Force, the Army, whoever it might be.

There is such a consumption gap. I mean, we consume so much
in the military. If we could do something to make sure that we
were off of the Middle Eastern production for our military, what a
national security thing that would be for the United States of
America. Do you disagree?

Mr. AIMONE. No, sir.

Senator BUNNING. No, sir. All right. Thank you, Mr. Vice Chair-
man.

Senator GRASSLEY. Thank you. I think the Chairman said it bet-
ter than I can, but I would associate myself with his words, the
outstanding panel we have, as well as the importance of this hear-
ing that we have had now that I think he would say is the start
of a dialogue to formulate policy, and we thank you very much for
your contribution to that.

The hearing is adjourned.

[Whereupon, at 12:04 p.m., the hearing was concluded.]
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WITNESS STATEMENT OF
MR. MICHAEL AIMONE,
ASSISTANT DEPUTY CHIEF OF STAFF/
LOGISTICS, INSTALLATIONS & MISSION SUPPORT
Chairman Baucus, Senator Grassley, and distinguished members of the

committee, I thank you for the opportunity to appear today to outline the Air Force
Energy Strategy for the 21* Century, and describe some of our recent achievements to
improve Air Force energy use in our aviation operations, ground vehicle fleet, and
worldwide network of 166 installations. I also will provide the preliminary results from

our recent flights of a B-52 Stratofortress bomber using a blend of synthetic and crude-oil

based jet fuel (SynFuel Blend).

I am Mike Aimone, and I work for the Deputy Chief of Staff for Logistics,
Installations and Mission Support, Headquarters United States Air Force. I have 37 years
of experience working for the Air Force as a facility engineer and logistician, and have
had the opportunity to be part of the Air Force Energy Program since its inception in

1974.

In the aftermath of the hurricanes that impacted the Gulf of Mexico 18 months
ago, the Secretary of the Air Force, the Honorable Michael W. Wynne, directed
extraordinary actions by all Airmen to help mitigate the resultant energy issues that faced

the Air Force and the Nation. One of his first actions was to direct the Under Secretary

(39)
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of the Air Force, Dr. Ron Sega, to create and oversee an aggressive new energy strategy

for the Department.

Dr. Sega immediately directed the stand up of a Senior Focus Group on energy to
address these concerns. The group, which consists of the General Officers, Senior
Civilians, including the Chief Scientist of the Air Force, has met seven times and

published an energy strategy to guide our Department’s energy efforts.

The vision that drives the Air Force Energy strategy is to: “Make energy a

consideration in all we do.”

Our strategy is three-fold:

-- First, ensuring energy supply side availability of fuel for our aircraft, ground
vehicles, and equipment, as well as reliable utility services to our instaliations to meet
Combatant Commander requirements.

-- Second, implementing aggressive demand side fuel optimization and energy
efficiency initiatives laser-focused on each of our three energy sectors: aviation
operations, ground transportation and support equipment, and installations.

-~ Third, and indeed the most important element in our energy strategy is to
ensure that our strategy transcends the present to create a lasting culture of change in all

Airmen so that energy becomes a consideration in all we do.

To kick-start this cultural change, the Secretary of the Air Force issued a Letter to

all USAF Airmen communicating his goals on energy conservation. The Secretary



41

summarized the myriad of energy initiatives underway, and charged every Airman to
develop new ways to personally and organizationally use energy more efficiently. This
letter was followed with a robust communications program to all airmen to raise their
awareness of energy conservation during October, which is traditionally for the Air Force

“Energy Awareness Month”.

The Air Force has an aggressive facility energy conservation program that
achieved an impressive 30% reduction in energy use over the past 20 years. However,
we are challenged to do better. The President, on January 24, 2007, issued a new energy
Executive Order (E.O. 13423), directing agencies to reduce energy intensity by '(i) 3
percent annually through the end of fiscal year 2015, or (ii) 30 percent by end of fiscal
year 2015, relative to the baseline of the agency's energy use in fiscal year 2003." E.O.

13423, sec. 2(a)."

Besides a new facility energy conservation goal, the Executive Order also
establishes new goals on the use of renewable energy, greenhouse gas emission
reductions, and water conservation. Our strategy has been adjusted to meet these
mandates. We also have established a goal to have our ground general purpose vehicle
fleet “right-sized.” This includes the purchase of at least 30% of our new vehicle
requirement as Low Speed Vehicles — a new class of vehicle sometimes referred as

“Neighborhood Electric Vehicles.”

Over 80% of the Air Force annual $7B energy bill goes to fueling our aircraft.

Our new strategy is committed to root-out waste and implement greater efficiencies in
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aviation operations. We have set an aggressive target to reduce aviation fuel use by 10%

over the next six years.

We will accomplish this aviation fuel optimization strategy through a series of
operational changes by our pilots and aircraft maintenance specialists — some changes are
as simple as reducing unneeded weight on aircraft. For example, every 100 pounds of
excess weight removed from one of our strategic airlift aircraft results in an annual
savings of 240,000 gallons of aviation fuel. In one recent Lean/6-sigma rapid
improvement event, we identified nearly 2,000 pounds of excess weight that could be
removed from a single KC-135 air refueling aircraft. We are also eliminating the practice
of standard ramp (fuel) loads to reduce the amount of excess fuel planes land with. We
will do this without reducing safety margins, while increasing consciousness of the
“Cost-to-Carry” excess weight and fuel. Additional efforts to move training events to
simulators, updating ground operation procedures, and establishing a culture of air crew
awareness and fuel use accountability are just a small number of the efforts we are
undertaking to optimize aviation fuel while simultaneously delivering air, space and

cyberspace capabilities to the Combatant Commanders.

We have significant accomplishments I would like to share with the Committee
today. Specifically:

-- The Air Force in Fiscal Year 2006 remained the largest green power purchaser
of electricity — over 990,000 MWHTrs -- in the Federal Government, and 3 largest in the
United States, according to a recently published Environmental Protection Agency Green

Power Partnership report. Dyess AFB in Texas, Fairchild AFB in Washington, and
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Minot AFB in North Dakota achieve nearly 100% of their electrical energy requirements
from wind energy systems located near their installations. Thirty-seven Air Force Bases
in the United States procure green power.

-- We have installed over 7 Megawatts of on-site wind energy and solar
photovoltaic and landfill gas systems at a number of our bases These systems provide
renewable energy for our installations, but also provide for increased energy security in
the event of the loss of electric power from the grid due to natural disaster or enemy
attack.

-- Nearly 8% of our diesel fuel is B20, which is a blend of 80% conventional
diesel and 20% renewable bio-fuels. Our efforts to expand the use of E85 for our Flex
Fueled Vehicle fleet is less successful. This is because E85, and its infrastructure, is not
currently available at the majority of our installations. However, we are ready -- we have
4,479 FlexFuel vehicles in our fleet. Of that total, 1,547 sedans, or nearly 29% of our
sedan fleet, is E85-ready. We continue to grow the fleet and convert our infrastructure to
B-20 and E-85. Indeed, today, 58 Air Force Bases are dispensing B20, and 16 bases are
dispensing E85. With our partners at the Defense Energy Support Center we have 26
biofuels infrastructure projects in the plans, or just recently completed -- the vast majority

of these construction projects are for E85.

Mr. Chairfnan and members of the committee, I am sure you are most interested
in the Air Force’s plans to test, certify and fly using a Synfuel blend for the B-52
Stratofortress bomber powered partially by synthetic jet fuel produced from natural gas

from a company in Tulsa, Oklahoma.
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Last year the Secretary of the Air Force directed Air Force Materiel Command to
take on a project to procure synthetic fuel, static ground test the fuel on engine test stands
at the Oklahoma City Air Logistics Center at Tinker AFB, Oklahoma City, Oklahoma,
and, if ground tests were successful, conduct an aviation flight demonstration at the Air
Force Flight Test Center, Edwards Air Force Base, California. To ensure maximum crew
safety in the first US military jet aircraft powered by domestically manufactured synthetic
liquid hydrocarbons, the test was conducted using a 50/50 blend of conventional crude oil
refined jet fuel and synthetically manufactured product. The first three flights were
arranged for safety purposes so that only a single pod of two engines were powered by
the SynFuel blend. The remaining six engines of the aircraft used conventional crude oil

refined jet fuel.

The initial flight took place on September 19, 2006, and there have been a total of
four flight tests, the most recent occurring on December 15, 2006. The last flight in the
test series was flown by the Commander of the Air Force Flight Test Center with all eight
engines fueled by the SynFuel biend, thus fully demonstrating the feasibility of using

synthetic fuel for military aviation use.

In January, the jet was flown to Minot AFB, North Dakota for a series of cold

weather engine starting tests. Those tests have been completed.

The jet has returned to the Air Force Flight Test Center, Edwards AFB,
California, and the jet is being thoroughly inspected. We expect a full test report in the

summer. Preliminary inspections have confirmed that there are no deleterious effects of
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using a Synthetic blend jet fuel in military aircraft. It is our plan, if the detailed analysis
of the test results and physical inspections prove out, to certify the entire inventory of B-

52s for unrestricted flight operations using a SynFuel blend by the end of the year.

It should be pointed out that we chose a domestic source of SynFuel for our first
military aviation demonstration, and this SynFuel was manufactured from natural gas.
We recognize that Gas-to-Liquids do not assure the Air Force a dependable supply of jet
fuel, since domestic natural gas production is insufficient to meet the Nation’s. needs.
The production of SynFuel from coal, oil shale and biomass sources would solve this
constraint; however, there are considerable technical, environmental, and economic
issues that remain to be worked out. We are partnering with the Department of Energy
and the Defense Logistics Agency, as well as the Task Force on Strategic Unconventional
Fuels mandated by Section 369 of the 2005 Energy Policy Act to explore what can be

done in these areas.

Mr. Chairman, and members of the Committee, the Air Force appreciates the
opportunity to provide an overview of our energy initiatives and the testing and
certification of Synfuel for our fleet. Ilook forward to answering your questions at this

time.
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DEPARTMENT OF THE AIR FORCE
WASHINGTON DC 20330-1000
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1160 Air Force Pentagon
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The Honorable Max Baucus
Chairman, Committee on Finance
United Siates Senate
Washington, DC 20510-6200

Dear Mr. Chairman
Attached are the answers to Questions for the Record on energy you requested in your
March 1, 2007, letter to the United States Air Force regarding the February 27, 2007, Committee

hearing on “America’s Energy Future: Bold ldeas, Practical Solutions.”

Should your staff have any questions, please contact Lt Colonel Doug Cato of my staff at
703-693-9109.

Major General, USAF
Director, Legislative Liaison

Attachment:
AF Answers to Questions for the Record
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Hearing Date: February 27. 2007
Committee: Senate Finance Comrmittee
Member: Chairman Baucus

Witness: Mr. Aimone

Question: #1

America’s Energy Future: Bold Ideas, Practical Solutions

Question: The technology for turning coal or natural gas into fuel has been around since the
1920s. Fifty years after its discovery, synfuel was championed by the Carter administration,
before the price of oil collapsed. What is different today, compared to the 1970s, that would
make synfuels’ use in the US successful? What is the potential for non-military use of synfuels?
Do you agree with Governor Schweitzer that synfuel use must be complemented with carbon
sequestration?

Question 1a: What is different today, compared to the 1970’s that would make synfuel’s
use in the US successful?

Answer: Unlike the 1970s, wherein the United States had to start its Synthetic Fuels initiatives
from a “cold-start”, today the United States has a strong foundation of university research and
intellectual property in Synthetic Fuels science and technology. For example:

While the Synthetic Fuels Corporation shuttered its operations in 1986, top-flight US
University energy centers have continuously maintained superior research programs, and
educated the next generation of engineers and scientists on the chemical engineering issues
associated with advanced energy conversion. The Department of Energy has supported research
at universities from coast to coast to develop advanced processing technologies for a variety of
synfuels. In addition, the Gas Technology Institute in Chicago, Illinois has provided a
gasification test bed for university and commercial activities, and is currently updating their
flexible test facility to include a Fischer-Tropsch unit.

Nearly 30 years of experience has been gained through continuous unit operations at the
Great Plains Synfuels Plant in Beulah, North Dakota. Practical lessons have been learned from
the Integrated Gasification Combined Cycle coal to electrical power plants operating in
Indianapolis, Indiana and Tampa, Florida. Research efforts by the Department of Energy and
their laboratories have led to advances in coal gasificiation, gasifier designs, and unit operation
efficiencies. In 2003, the Syntroleum Corporation commenced operations of the Fischer-
Tropsch Catoosa Demonstration Facility in Tulsa, Oklahoma and produced 100,000 gallons of
synthetic fuel from natural gas for the Air Force. Rentech, Inc. has announced plans to operate a
plant in East Dubuque, Towa, and Baard Energy has similar plans for construction of a plant in
Columbiana County, Ohio. Other plants are planned for Montana, Wyoming, Mississippi,
Alabama and North Dakota. Modern gasification plants have been constructed, and are
operational in Qatar and Malaysia, as well as planned expansion of the 150,000 bbl/day SASOL
plant in South Africa. China has in planning, design, and construction, over US$128B in
gasification plants.
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One of the potential differences is that industry is now focused on the long term
economic viability of the projects. While many projects in the 1970°s were developed as a rapid
response to a crisis, today’s projects must be competitive for decades in a global market.
Technical maturity, commercial experience, and market demand should be able to provide the
synfuels industry with a stronger position than 30 years ago.

Question 1b: “What is the potential for non-military use of synfuels?”

Answer: There is broad application of synfuels in the commercial sector as a direct replacement
for liquid hydrocarbons.

While much of the ground transportation sector can convert to ethanol-based fuels,
conversion of jet aircraft to ethanol is economically prohibitive and nearly impossible technically
at this time. The commercial aviation sector is very interested in synfuels derived through the
Fischer-Tropsch process. They have recently formed the Commercial Aviation Alternative Fuels
Initiative (CAAFI) to develop industry wide plans and roadmaps to evaluate synfuels for fleet
certification by 2009,

Question 1c¢: “Do you agree with Governor Schweitzer that synfuel use must be
complemented with carbon sequestration?”

Answer: Yes.

It is our intent to procure synfuels from new, domestic coal-to-liquids plants that have
carbon capture and sequestration (CCS) technology and equipment in order to greatly reduce
CO; emissions. The Air Force has a proven track record of being good environmental stewards.
Our testing and certification of the Air Force fleet to use synthetic fuel has the potential of
producing fewer greenhouse gases and nearly zero SOx and particulates from the tailpipe.
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Hearing Date: February 27, 2007
Committee: Senate Finance Commitiee
Member: Senator Salazar

Witness: Mr. Aimone

Question: #2

America’s Energy Future: Bold Ideas, Practical Solutions

Question: How do you propose to address the issue of CO; emissions from coal-to-liquid (CTL)
projects, which are much higher than normal refinery-based production of liquid fuels?

Answer: The capture and sequestration of CO» in the coal-to-liquids (CTL) process is critical to
the viability of this new industry in the United States,

The gasification process provides a concentrated CO; stream compared to conventional
pulverized coal burners. During this process, CO; is removed before the Fischer Tropsch
reactor. This COz is a valuable resource for enhanced oil recovery (EOR). At this time, it is
being captured and sold by the Dakota Gasification Plant in Beulah, ND and sent 250 miles by
pipeline to Canada to extract additional oil sands. In addition to EOR, the CO; can be pumped
into deep saline aquifers, coal seams or other geological formations.

The Department of Energy’s National Energy Technology Laboratory has developed new
technology that can capture 90% of the CO, produced by CTL. This technology is being tested
this year at an IGCC plant in Ohio and next year at an IGCC plant in Wisconsin.

1f biomass is mixed with coal and carbon capture and sequestration are utilized, the CO;
footprint can be reduced to levels significantly below that of conventional petroleum. The AF
has partnered with DOE to evaluate both sequestration technology and the co-conversion of bio-
mass with coal to determine the reduction of CO; levels below conventional petroleum and the
cost implications related to the CO; reductions.

The environment qualities of CTL synfuel produces a product that is virtually free of SOx
and particulates. Based on results from the B-52 flight test the Air Force has determined that the
CO, at the tailpipe also is reduced by 1.6%.
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Hearing Date: February 27, 2007
Committee: Senate Finance Commitice
Member: Senator Salazar

Witness: Mr. Aimone

Question: #3

America’s Energy Future: Bold Ideas, Practical Solutions

Question: [t is my understanding that 3 to 4 barrels of oil could be produced from enhanced oil
recovery (EOR) projects for every barrel of liquids produced from CTL, if the CO: produced
from the CTL project is used for EOR purposes. Do you agree?

Answer: According to the Department of Energy, the state-of-the-art enhanced oil recovery with
carbon dioxide, is now recognized as a potential way of dealing with greenhouse gas emissions,
could add 89 billion barrels to the recoverable oil resources of the United States, the Department
of Energy has determined. Current U.S. proved reserves are 21.9 billion barrels.

The 89-billion-barrel jump in resources was one of a number of possible increases identified in a
series of assessments done for DOE which also found that, in the longer term, multiple advances
in technology and widespread sequestration of industrial carbon dioxide could eventually add as
much as 430 billion new barrels to the technically recoverable resource.

Beginning efforts to develop the 89-billion-barre] addition to resources would depend on the
availability of commercial COzin large volumes. If this oil could be added to the category of
proven reserves, the U.S. would have the fifth largest oil reserves in the world behind Iraq, which
has 115 billion barrels, based on present estimates; and an additional 430 billion barrels would
make it first, ahead of Saudi Arabia with 261 billion barrels. The capture of CO; from
combustion in power generation and other industrial uses is the subject of other research and
development programs sponsored by the Office of Fossil Energy, DOE.
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Invited Testimony for the U.S. Senate Finance Committee

Prepared Statement of
Dr. Dan E. Arvizu
Director, National Renewable Energy Laboratory
Golden, CO

February 27, 2007

Mr. Chairman, thank you for this opportunity to discuss important issues related to the nation’s energy
policies as we move to reduce our dependence on foreign oil, maintain a healthy environment and fully
meet the energy demands of the future. | am the director of the National Renewable Energy Laboratory
in Golden, Colorado. NREL is the U.S. Department of Energy’s primary laboratory for research and
development of renewable energy and energy efficiency technologies. I am honored to be here, and to
speak with you today.

For those of us who have devoted our careers to energy research, the era in which we find ourselves today
is both exciting and challenging. Never before have we witnessed such intense interest in — and rapid
growth of — renewable energy and energy efficiency technologies. The industries for solar, wind and
biomass energy systems are expanding at rates exceeding 30 percent annually. While this is certainly a
welcome development, much remains to be done to sustain our current momentum.

If we are to ensure the nation receives the full range of benefits that renewable energy technologies can
provide, we will need a carefully balanced blend of new technology, market acceptance and government
policies. It is not a question of whether to rely solely on the market, or on new research, or on
government action, as we work to solve our energy problems. To accelerate deployment of renewable
energy technologies effectively, we need to effectively combine all three.

It’s also crucial that this mix of technology, markets and policies be crafted so that each works in
conjunction with the others. The reality is that distinct renewable energy technologies — be they solar
photovoltaic, solar thermal, wind, biomass power, biofuels or geothermal — are in different places in terms
of their economics, technological maturity and market acceptance. While a broad range of policies are
needed to spur on these varied technologies, the specifics of policies and incentives to be enacted ideally
must be tailored to fit the unique requirements of each of the systems and devices we are seeking to
deploy.

At the same time, policies must be put in place with a view to the long term, and maintained and
supported consistently, to maximize their effectiveness. The Production Tax Credit for wind power is a
case in point. The history of the PTC has been one of fits and starts — the tax credit has been on in some
years, off in others. As a result, wind turbine manufacturers, developers, utilities and consumers who
have wanted to see more of their energy come from renewable sources, have all endured the predictable
boom-and-bust problems that come with on-again, off-again policies. While I can only imagine the
challenges that confront those who deliberate and adopt a federal budget, anything we can do to move
beyond a year-to-year approach, and chart a long term course for renewable energy policy, will provide us
with lasting benefits.

Losing Global Renewable Energy Market Leadership

So, to be successful, any new policy commitment must be consistent and sustained. We have already
witnessed what can happen if our commitment is inadequate or short-lived.



52

Over the last decade, Denmark, Germany and Spain have surpassed the U.S. in production and
deployment of wind turbines, and Japan and Germany have surpassed the U.S in production of electricity-
producing solar photovottaic panels.

Ironically, they did so largely by adopting technologies that had been developed here in the United States.
We came up with the right technologies, but we did not capitalize on these innovations with policies
adequate to spur deployment. While the U.S. remains the technological leader for renewable energy,
industries in Europe and Asia have grown to dominate this greater than $40 billion international business.
Qur foreign competition were able to leapfrog U.S. businesses because of public policy driven investment
incentives, aggressive renewable energy targets and other bold national policies adopted in their home
countries.

Given where our national markets and technologies stand today, a particular need exists for sound
government policies and incentives — at the local, state and federal level — that stimulate smart domestic
energy development within the framework of the marketplace. Such policies should support the
mobilization of private sector capital and the fostering of robust competition. The competition of the
marketplace drives improvements in technology and economic efficiencies. Market competition has been
and should remain a vital ingredient in the successful evolution of renewable energy in the United States.

Energy policy must also take into account the realities and complexities of our growing economy, modern
lifestyles and our natural environment. We risk much if we fail to grasp the totality of the energy
landscape before us, and not plan for and address the full range of contingencies upon which the success
of our new energy ventures depend.

Granted, gaining both a broad and detailed understanding of such a complex mission may be daunting —
but resolving the issues therein is fundamental to all else that we do.

Opportunities and Challenges of Biofuels

The evolution of biofuels as a national priority provides a timely lesson. Researchers at NREL have been
working on biofuel technologies since our laboratory was founded in 1977. However, it only has been
recently that public policy has looked to biofuels as a way to supplant petroleum use in a near-term,
meaningful way.

Recent studies have shown that there is sufficient biomass potential in the U.S., and worldwide, to
produce significant amounts of transportation fuels — enough to displace a major portion of the petroleum
we use today. Clearly, this is an area that has great promise; but it must be done correctly.

The Department of Energy, NREL and other national laboratories, have embarked upon a concerted effort
to move beyond the use of corn grain for ethanol, and develop a new industry that will produce tens of
billions of gallons of ethanol from corn stover, switch grass, wood chips, crop and forest residues and
other forms of cellulosic biomass, over the next several decades.

As the enormity of this task is considered, a range of formidable challenges is coming into sharper focus.
We understand that the research we are performing today to make cellulosic ethanol technologies more
efficient and affordable is precisely the correct first step. But we also are coming to understand that there
are a nurber of other essential pieces to this puzzle.

To achieve the unrealized potential of biofuels, we need to carefully examine such questions as: Where
will this huge new supply of biomass come from? How will we achieve improvements in agricultural
practices? How will massive new volumes of biomass get to refineries, and how will commensurately
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large volumes of fuels get to retail stations? Will new fuels be consistently energy dense and free of
contaminants? How will vehicle fleets have to evolve? How will the value chain components and bi-
products alter existing value chains? And perhaps most importantly, what are the ultimate impacts on our
land use, water and air? And how will those who adopt these technologies affect the global environment?
These are just a few of the factors in play.

Of equal concern are the longer-range needs of the biofuels industry itself. We should begin today to
conduct the research that will be needed for a time in the future when industry and consumers will require
new and better fuels, chemical feedstocks and a range of other products, we know we can make from
biomass.

Answers to these essential questions have profound implications — this is no simple, academic exercise.
For this work to be lasting and useful, it all must be done in close collaboration with industry. What is
called for then is a comprehensive, integrated program for biofuels development, which identifies and
plans for all the critical factors such a massive undertaking will entail.

Our Nation’s Energy Future

Beyond advancing individual energy technologies, we as a nation should establish durable criteria and
priorities to determine what our national energy landscape will look like in the future. You may have
heard that we could meet all of our nation’s electricity needs by building a giant solar power farm in the
Nevada desert. Although that may indeed be a useful metaphor to illustrate the vast solar resource
available to us, it isn’t helpful at all in determining what our nation should actually do in any practical
sense.

The same holds true for other energy choices as well. For instance, we know the U.S. has immense
reserves of conventional and non-conventional fossil resources, and we know that technologies might be
developed to turn those into fuels. But as we plot a course for the future, and consider the range of
energy, environmental and economic choices that confront us, we must demand that the decisions we
make today are not only technologically defensible, but also practical, environmentally sound and
sustainable long into the future. The appropriateness of new technology, and sustainability over its entire
life-cycle, must be guiding forces in decision making.

The Role of R&D in Advancing Renewable Energy

As for renewable energy technologies, we are at present confronted with something of a double-edged
sword. On one side we have existing renewable energy systems that should be encouraged into the
marketplace here and now — through a combination of viable technology, government policy and market
mechanisms. On the other side, if we are to achieve "significance” in the level of contribution renewable
energy can make to our future energy mix, we must make technological advances to make today’s
technology more efficient and less costly.

There has never been a greater need for new research into subsequent generations of renewable energy
technologies, even though the drive to commercialize existing renewable energy technology has never

been more brisk. We still need to make tomorrow’s energy solutions more productive, economical and
environmentally beneficial than those available today.

For renewable energy research, here again, a sustained, long-term commitment is required. Our
Laboratory may provide a useful example. While we at NREL work with industry to perfect and deploy
existing renewable energy systems, we also are working on new technologies that industry will be using,
five, ten, twenty and perhaps even fifty years hence.



54

A melding of basic and applied science is essential in the energy research field. 1t is only through a
sustained commitment to research that the nation will meet its long range energy needs. Researchers at
NREL and elsewhere are closing the gap between basic science and applied research and development —
all the while focusing a bright light on the valuable end uses of our work. The result is that we are
shortening the time it takes to push new renewable energy technology off the lab bench and into the
marketplace.

To guarantee this progress continues, we must make necessary new investments in our research
capabilities now — because having adequate research facilities is essential to all other R&D goals. The
nation’s world-class laboratory system and its leading academic institutions must be re-tooled, and funded
at an adequate level, so we have the necessary capabilities to see this vital mission to its successful
conclusion.

Beyond the need to invest in research capabilities and facilities, we need to focus the resources and
attention of universities and other academic institutions into renewable energy research. In the biofuel
industry, we are already encountering a dearth of qualified engineers and scientists with the appropriate
education and training to make the contributions that are needed in the field. Meanwhile, a looming
shortfall of potential researchers in the undergraduate system will only be compounded as industry ramps
up its hiring demands in the future.

Balancing R&D Investments, Short and Long Term

In conclusion, to address our near-term needs, we need a national strategy that promotes the rapid
deployment of the renewable energy systems and processes that are ready and able to serve us today. At
the same time, to address needs longer-term, we must make a major new commitment to the research
required to deliver the next, and subsequent, generations of new technologies.

This will not come without cost, but recent experience suggests that investment in renewable energy
technologies will produce significant economic benefits. And, by investing in technologies not tied to the
unpredictable price of oil, we may very well pay less than we ultimately would have for more
conventional sources of energy.

New research can and will make these technologies more practical, and more affordable. In the less than
three decades since our laboratory was founded, the cost of producing energy from the sun, wind and
biomass has been reduced by more than 80 percent — a favorable cost trajectory that continues today.

The good news is that the United States can take back the leadership it once had in the renewable energy
field — what is likely to be one of the most important new industries of this century — through investing
wisely now, and into the future. The timing is fortuitous, because by most all accounts, the next big
market for global renewable energy growth is here in the United States.

Thank you.
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Senate Finance Committee Hearing
“America’s Energy Future: Bold Ideas, Practical Solutions”
February 27, 2007
Questions for the Record for Dr. Arvizu

Questions from Chairman Baucus

1. Today the Department of Energy announced plans to invest $385 million in
six biorefinery projects across the U.S. When fully operational, the plants are
expected to produce more than 130 million galions of cellulosic ethanol per
year. Cellulosic ethano! holds fremendous progress, but so far has been
limited by its high cost. What is the relative cost of constructing a cellulosic
ethanol plant, compared fo a corn based facility? Once the plant is built, what
is the relative cost of producing these two types of fuel?

Response

The table below compares a typical 50-million gallon corn ethanol facility with two
different cellulosic ethanol plants. The ‘Current SOT plant refers fo the state of

technology of the R&D being performed and proven at the pilot scale at NREL.
The 2012 plant is the DOE Office of Biomass Programs goal which has many
R&D targets that must be met in order to reach.

All values | Installed Total Operating | Feedstock | Minimum
are in Capital Project Costs not Costs Ethanol
2007 ($/annual | Investment | including | ($/gallon Selling
$ galion ($/annual | feedstock EtOH) Price
EtOH) galion {$/gallon ($/galion
EtOH) EtOH) EtOH)
Current
Corn Dry $1.10 $1.53 $0.20 $1.06 $1.53
mi’
Current
SOoT
Cellulosic $2.95 $5.06 $0.74 $0.95 $2.63
Plant®
2012
Cellulosic $1.96 $3.40 $0.22 $0.49 $1.31
Plant®
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2. Many electronic devices — such as cell-phone chargers — draw power when
plugged in, even if they're turned off. Estimates for the costs of phantom
electricity’ are $8 billion per year to the American consumer, totaling 5% of all
electricity we use. Are we making progress on reducing ‘phantom electricity’?
If not, does the answer lie in more research, better standards, or better
technology from manufacturers?

Response

Yes, we're making progress but additional work is needed in all three areas you
cite. Let me explain.

in 2001, President Bush ordered all federal agencies fo purchase energy efficient
appliances and office equipment when possible. Since then, the purchasing
power of the Federal Government has helped to influence manufacturers to
make more efficient appliances and equipment.

The Federal government will save approximately $14 million in annual energy
costs from the 2001 baseline. U.S. consumers will save approximately $300
million in annual energy costs, saving the equivalent electricity used in
approximately 350,000 homes.

However, sufficient field testing has not been done in this area to be able to
definitively answer the question, “what else do we need to be doing?”. The good
news is products are becoming more efficient in standby mode. The down side
is we're increasing the number of electronics in each household.

The answer to reducing phantom electricity lies in several possible approaches.
First, the Energy Policy Act (EPACT) requires that the Department of Energy
review whether regulation of standby power usage for external power supplies
and battery chargers is necessary. DOE is already examining the standby power
used for battery chargers and external power supplies as part of its determination
analysis prior to determining whether it will issue energy efficiency standards for
these products.

Second, for appliances with internal power supplies, a review of standby power
usage will be included in the process of developing new or updated efficiency
standards for 24 categories of appliances or equipment over the next § years.
For any of these products where standby power has energy saving potential,
DOE will consider whether to incorporate standby mode into the test procedure
and energy conservation standards, taking into account standby power
consumption compared to overall product consumption, thereby encouraging the
use of better technologies.

The third approach is future research possibilities in advanced power
management. There are several possible research areas that could address this.
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Additional research could be done to help product manufacturers innovate further
in this area. At the outlet level, configured correctly, outlet controls could be
developed to control and reduce standby power usage. At the whole building
level, a wiring system or whole building controls could be used to minimize
standby loads. Central control systems or central-system products (i.e. a single
cable box instead of one box for each television) are also possibilities for
reducing the load. Much can be done in this area to reduce not only standby
power use, but the overall energy used in miscellaneous electric loads.

The fourth area is public awareness. Energy Star has made a good start at
addressing this at the product level and has done an excellent job of showing
companies will support voluntary efforts o reduce power usage in products.
However, many more products on the market are capable of reduced energy
usage. How many people know a television cable box is using nearly as much
power when it's “off” as when it's on? Raising the awareness on electricity usage
in household products could significantly reduce these loads as well.

Question from Senator Kyl

3. Congress has repeatedly justified the extension and expansion of section 45
of the Internal Revenue Code based on the “success” of the credit. When
section 45 was approved in the 1992 Energy Policy Act, the House report
noted that “the credit is scheduled to sunset after June 30, 1999, to provide
the committee with the opportunity to assess the effectiveness of the credit in
encouraging utilization of renewable energy sources.” Before Congress
extends section 45 again, | believe we should conduct a serious review to
determine how much longer taxpayers will be asked to subsidize wind and
other renewable sources. Wind accounts for more than two-thirds of the cost
of section 45. In a press release issued this month by the American Wind
Energy Association it boasts that there were more wind turbines installed in
the United States last year than in any other nation and the wind power has
plunged from 45 cents per kilowatt-hour in 1980 to less than 3 cents foday.

a. Is wind energy competitive with other energy sources that do not
enjoy a production tax credit?
b. If wind is not yet competitive, when will it be?

Response

The cost of wind generated electricity has dropped dramatically since 1980, as
stated in the AWEA Press release. Cost data for some wind energy projects
from public records shows that in 2006 the price paid for electricity generated in
large wind farms, generally located in very good wind resource areas, was
between 3 and 5 cents per kilowatt-hour, with an average of a litlle over 4 cents
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per kilowatt-hour. These figures represent the electricity price as sold by a wind
farm owner to the utility. The price includes the benefit of the federal production
tax credit, and any state incentives, as well as revenue from the sale of any
renewable energy credits. The true cost of the delivered electricity would be
higher by approximately 1.9 cents per kilowatt-hour, which is the value of the
federal tax credit. Thus the unsubsidized cost for wind generated electricity for
projects completed in 2006 — again, at the best resource sites - ranges from
about 5 to 7 cents per kilowatt-hour. These wind energy costs are generally
higher than the wholesale cost of other electricity generating sources.

Furthermore, the cost of wind turbines has been increasing in the last five years.
The average cost per installed kilowatt for wind farms proposed in 2006 has risen
by about 30% from 2002 o about $1680/kW. Conversations with wind farm
project developers indicate that turbine prices are expected to be even higher for
future projects. This means that the cost of wind generated electricity for projects
installed in 2007 and beyond will likely be higher than the 5 to 7 cents per
kilowatt hour given above for 2006.

The reasons generally offered for the increasing price of turbines after the long
downward price trend of the last 25 years include:

- Turbine and component shortages due to the dramatic recent growth
of the wind industry both in the U.S. and Europe.

— The weakening U.S. dollar relative to the euro, because many major
turbine components are imported from Europe. There are relatively
few wind turbine component manufacturers in the U.S.

—~ A significant rise in material costs such as steel and copper.

—~ The on-again and off-again cycle of the wind energy production tax
credit. This uncertainty hinders investment in new turbine production
facilities, and encourages hurried and expensive production,
transportation and installation of projects when the tax credit is
available.

In summary, wind energy is not yet competitive with other sources of generation
and appears to be growing less competitive.

For the wind energy industry to become mature and competitive with other
generating sources, the following issues need to be addressed:

- The policies employed to stimulate the introduction and use of
advanced energy technologies, much like when advanced
conventional technologies were introduced, need {o be stable and
predictable over several years to stimulate the needed private sector
investment in research, development and manufacturing.
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- The value of emission free and carbon free generation sources needs
to be monetized to enable the transformation of the energy
marketplace to low, or no, carbon technologies.

-~ There is a need to invest in research and development in order to
reduce current wind turbine costs and increase energy capture to drive
the unsubsidized cost of wind generated electricity down to about 4
cents per kilowatt-hour, which wouid be about a 40% improvement
over today’s technology.

Research progress is always difficult to predict; however, based on the cost
reductions achieved over the past 25 years, land based wind technology could
probably achieve this level of cost effectiveness in 7 to 10 years, with the
appropriate policies and the needed research and development investments.

! This case assumes corn at $3.00/bu, natural gas = $7.25/MMBt, and DDGS selling price = $80/ton
% This case assumes a delivered feedstock cost (corn stover) = $62/dry ton
? This case assumes a delivered feedstock cost (corn stover) = $44/dry ton
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Testimony of Dan W. Reicher
Director, Climate Change and Energy Initiatives
Google.org
Before the
Senate Finance Committee
February 27, 2007

Mr. Chairman and members of the Committee, my name is Dan W. Reicher and [ am
pleased to testify today on federal policy measures that can enhance investment in clean
energy, particularly energy efficiency. I recently joined Google where I serve as Director
of Climate Change and Energy Initiatives for the company’s new philanthropic venture
called Google.org. Google.org has been capitalized with more than $1 billion of Google
stock to make investments and advance policy in the areas of climate change and energy,
global poverty and global health.

Prior to my position with Google, I was President and Co-Founder of New Energy
Capital, a private equity firm funded by the California State Teachers Retirement System
and Vantage Point Venture Partners to invest in clean energy projects. New Energy
Capital has made equity investments and secured debt financing for ethanol and biodiesel
projects, cogeneration facilities, and a biomass power plant. Prior to this position, I was
Executive Vice President of Northern Power Systems, the nation’s oldest renewable
energy company. Northern Power has built almost one thousand energy projects around
the world and also developed path-breaking energy technology.

From 1993 to 2001, I served in the Clinton Administration as Assistant Secretary of
Energy for Energy Efficiency and Renewable Energy, Department of Energy Chief of
Staff and Deputy Chief of Staff, and the Acting Assistant Secretary of Energy for Policy.

Mr. Chairman, we have a broad array of options for addressing the nation’s energy
challenges, as other witnesses demonstrate in their testimony today. The federal
government, through Congressional and Presidential leadership, has a powerful role to
play in moving these energy solutions to market. I am honored to share with you my
views as an investor, former policymaker and most importantly, as a professional
dedicated to ensuring our success in meeting today’s energy-related challenges: climate
change, national security, economic competitiveness and poverty alleviation.

There are several steps the federal government must take to drive massive private sector
investment — measured in the trillions of dollars — that will be required to move the nation
toward a more sustainable energy future:
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o First, the federal government must put a price on greenhouse gas emissions in
order to internalize the costs of climate change and move energy investments
toward lower carbon and more efficient technologies.

e Second, we must remove barriers to cleaner and more efficient technologies and
establish incentives and standards to move these technologies to market.

¢ Third, we must significantly increase public funding of research, development and
deployment of advanced energy technologies.

¢ And fourth, the federal government must support fluid, transparent markets to
monetize the environmental benefits that these technologies provide. The market
needs clear definitions of and ownership rules for renewable energy certificates,
carbon offsets, white tags, and other environmental assets created by regulation at
the federal and state level.

Energy Efficiency — Our Cheapest, Cleanest and Fastest Energy Option

Today I have been asked to focus my attention on how to spur investment in what many
see as our fastest, cheapest and cleanest opportunity to address our energy challenges —
energy efficiency. Duke Energy CEO James Rogers has termed energy efficiency our
“fifth fuel” and energy efficiency guru Amory Lovins measures it in “Negawatts”. The
federal government has the power to leverage vastly more private sector investment in
energy efficiency thereby dramatically increasing U.S. competitiveness, improving our
quality of life, and addressing climate change.

Energy efficiency is the real low-hanging fruit in the US and global economy. From cars
and homes to factories and offices, we know how to cost effectively deliver vast
quantities of energy savings TODAY. And the exciting fact is that this low hanging fruit
grows back. The incandescent light bulb we replace today with a compact fluorescent, we
will be able to replace again with an even more efficient bulb in the future. Similarly,
we can trade our gas-guzzling SUV today for a more efficient full-featured hybrid gas-
electric model. And down the road we will replace the hybrid with an advanced model
that runs on ethanol or biodiesel and plugs into the electric grid.

We have made an important transition in this country away from a focus on “energy
conservation” and toward the more recent concept of “energy efficiency” (or “energy
productivity”). In the era of energy conservation in the 1970’s and 1980’s we were
asked to “do less with less” — to lower the thermostat, turn off the lights, don a sweater
and leave the car in the garage. Energy efficiency takes a different approach, offering the
opportunity to “do more with less”. As McKinsey and Company states in a 2006 report,
“By looking merely in terms of shrinking demand, we are in danger of denying
opportunities to consumers — particularly those in developing economies who are an
increasingly dominant force in global energy-demand growth. Rather than seeking to
reduce end-user demand — and thus the level of comfort, convenience and economic
welfare demanded by consumers — we should focus on using the benefits of energy most
productively.”
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The main finding of the 2006 McKinsey report is that while energy demand will continue
to grow, “there are sufficiently economically viable opportunities for energy-productivity
improvements that could keep global energy-demand growth at less than 1 percent per
annum — or less than half of the 2.2% average growth to 2020 anticipated in our base-
case scenario.” According to McKinsey, “Energy-productivity improvements can come
either from reducing the energy inputs required to produce the same level of energy
services, or from increasing the quality or quantity of economic outputs.” The report
concludes that globally the largest untapped potential for cost-effective energy
productivity gains (>10% Internal Rate of Return) lies in the residential sector (e.g. better
building shells and more efficient water heating and lighting), power generation sector
(e.g. more efficient power plants and electricity distribution} and industrial sector (e.g.
less energy-intensive oil refineries and steel plants).

However, McKinsey concludes that capturing this vast potential will require a significant
policy push. McKinsey says, “market-distorting subsidies, information gaps, agency
issues, and other market inefficiencies all work against energy productivity.
Furthermore, the small share of energy costs for most businesses and consumers reduces
end-use response to energy-price signals. Therefore shifting global energy demand from
its current rapid growth trajectory will require the removal of existing policy distortions;
improving the transparency in the usage of energy; and the selective deployment of
energy policies, such as standards.”

As we consider this policy dimension we also need to consider how to harness an
important and heartening new trend — the unprecedented flow of private capital toward
clean energy. Who would have thought even a few years ago that Goldman Sachs,
Citigroup, John Hancock Insurance, General Electric, Morgan Stanley, the Carlyle
Group, Kleiner Perkins and other titans of Wall Street and Silicon Valley would be major
investors in clean energy technologies and projects? In fact, in just the last year we have
seen literally billions of dollars invested in companies commercializing advanced energy
technologies and tens of billions of dollars invested in building clean energy projects.
“CleanTech” has recently become the hottest new area of venture capital investing, while
clean energy projects have become an important new element of the project finance
world.

At the same time, most of this increasing investment in technologies and projects has
been on the supply side involving key technologies like solar, wind, and biofuels.
However, little investment has found its way to commercializing or deploying energy
efficiency technologies despite their cost-effectiveness and reliability. Explanations for
this range from the simple to the arcane: for example, the less “sexy” nature of efficiency
technologies, the often more disaggregated nature of their deployment, the greater
chalienge of financing “savings” measured in Negawatts than production measured in
Megawatts, and weaker policy support.

Regarding the last point, aggressive federal policy can make a major difference in the
development and deployment of energy technology. In the case of ethanol, for example,
Congress has enacted both a significant federal tax credit and major federal mandate
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which have helped stimulate massive new investment in production plants as well as new
technologies. Energy efficiency has simply not enjoyed this kind of policy support and
the investment that it generates. Below I address how federal policy can enhance private
sector investment in energy efficiency, as it now supports critical investment in
renewable energy.

1 should emphasize that by moderating demand growth through energy efficiency, and at
the same time increasing clean generation using renewable sources, we can slow and
begin to decrease carbon emissions while we work to adopt and implement a
comprehensive approach to addressing climate change. Congress should pay careful
attention to this complementary strategy involving both energy efficiency and renewable
energy as an important down payment on reducing carbon emissions, while it deliberates
the more complex issues entailed in enacting and implementing an economy-wide
climate policy.

Federal Policies to Increase Investment in Energy Efficiency

There are an array of federal policy instruments that can enhance investment in energy
efficiency including standards, tax credits, and RD&D funding.

» Automobile Fuel Efficiency

The single most effective energy efficiency policy ever adopted by the federal
government is the Corporate Average Fuel Economy requirement (CAFE). Since its
adoption in 1975, CAFE has cut U.S. oil consumption by over 1 billion barrels each year.
Even with this progress, passenger vehicles today consume approximately 40% of the
petroleum in the United States — with the transportation sector projected to generate 89
percent of the growth in petroleum demand through 2020. And the federal government
has not significantly strengthened the CAFE standards in years, further diminishing their
effectiveness. Raising fuel economy performance to 40 mpg over the next 10 years —
through revision of the CAFE standards —could alone cut passenger vehicle oil demand
by about one-third or 4 million barrels per day by 2020 -- about twice current daily
imports from Saudi Arabia and Kuwait.

Existing technologies — hybrid electric automobiles, drive train improvements, lighter
weight materials — can today get us to roughly double the mileage of our current
passenger fleet. Perhaps the most exciting technological development has been the recent
emergence of plug-in hybrids — a technology that will enable us to exceed any fuel
economy proposals under consideration at this time. Plug-in hybrids have a more
powerful battery than traditional hybrids and are designed to be connected to the electric
grid for recharging. This allows the vehicle to cut gasoline use and, if charged at night,
use lower cost and cleaner off-peak electricity. These cars can also benefit electric
utilities when plugged in during the day by sending power back to the grid to meet peak
power needs, thereby supplanting some of the most costly and often most polluting power
generation. According to analysts, this benefit to utilities could be worth thousands of
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dollars per year per car, a value that could rapidly exceed the incremental cost of the
vehicle’s more powerful battery if shared with consumers.

By increasing vehicle use of electricity over liquid fuels, we should have an easier time
improving the environmental profile of our automotive fleet. This is because lowering
emissions from hundreds of power plants will likely be a more rapid and straight forward
task than influencing the fuel purchases and driving behavior of millions of individuals.
Even charged with electricity from coal dominated parts of our electric grid, a plug-in
hybrid is generally cleaner than a gasoline powered car. In addition, plug-in hybrid
vehicles enabled to run on biofuels can reduce greenhouse gasoline emissions up to 80%,
and oil consumption by as much as two thirds.

The multiple benefits provided by plug-in hybrids call for significant federal actions to
move this technology to market as quickly as possible. In addition to controls on
greenhouse gas emissions and increased CAFE standards, the federal government can
partner with the private sector to address outstanding technological barriers such as
battery cost and performance. Even more importantly, the federal government should
support deployment of plug-in hybrid vehicles through tax incentives and federal fleet
procurement.

s Energy Efficiency Resource Standard (EERS)

Just as the Senate has voted in favor of a Renewable Portfolio Standard, it should
strongly consider a similar - and highly complementary - mechanism called the Energy
Efficiency Resource Standard (EERS). The EERS sets efficiency resource targets for
electricity and gas suppliers over the period of 2008-2020. It builds on policies now in
place in eight states — California, Texas, Vermont, Connecticut, Nevada, Hawaii,
Pennsylvania, and Colorado — designed to cut the growth in electricity demand through
energy efficiency. The Texas and Vermont policies have been implemented for several
years and have been very successful. Texas utilities, for example, are required to meet
10% of their load growth needs through efficiency programs. Utilities are easily
exceeding this target, resulting in current consideration of raising the standard to as high
as 50% of load growth. Vermont created an energy efficiency utility that has helped the
state in recent years meet more than two thirds of load growth (typically 1.5 to 2% per
year) through energy efficiency and the state is on a path to avoid all load growth in the
near future.

Under the proposed federal EERS, suppliers are required to obtain energy savings from
customer facilities and distributed generation installations in amounts equal to at least
0.75% of base year energy sales for electricity, and 0.50% for natural gas. This
requirement is phased in over three years and cumulates during the compliance period.
The requirement applies to retail suppliers, be they local distribution utilities or
competitive energy suppliers, who sell annually at least 800,000 megawatt hours of
electricity or 1 billion cubic feet of natural gas.
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Eligible energy savings measures include efficiency improvements to new or existing
customer facilities, distributed energy technologies including fuel cells and combined
heat and power systems, and recycled energy from a variety of defined commercial and
industrial energy applications. Savings are determined using evaluation protocols that
can be defined by the Department of Energy (DOE), with state protocols available that
the Department can build upon.

Suppliers may obtain and trade credits for energy savings under procedures to be defined
by DOE. This will enable suppliers with energy savings beyond the requirements of the
standard to sell them to suppliers unable to obtain sufficient savings from their customers
within a given compliance period.

The EERS is a compelling complement to a Renewable Portfolio Standard (RPS), which
the Senate has passed before and will consider again this year. EERS moderates demand
growth so that RPS targets can actually reduce fossil fuel consumption. The RPS
provision the Senate supported in 2005 calls for 10% of US electricity generation to be
generated from non-hydro renewable energy sources in 2020. However, the Energy
Information Administration forecasts electricity demand to grow more than 22% by 2020.
Unless we bring down demand growth, the RPS will not likely reduce fossil energy
consumption or carbon emissions. The EERS proposal, as analyzed by the American
Council for an Energy Efficient Economy would reduce 2020 peak electricity demand by
about 10% or about 133,000 MW -- equivalent to almost 450 power plants at 300 MW
each. This would bring demand growth down to a level where a 10% RPS could meet all
new electricity generation needs. ACEEE also estimates that by 2020, this provision will
reduce natural gas needs by about 2 billion cubic feet, reduce CO2 emissions by more
than 340 million metric tonnes, and result in cumulative net savings to electricity and
natural gas consumers of about $29 billion. Moving to a 15% or 20% RPS level, as
proposed in recent bills, would further accelerate the move to a less carbon-intensive
electricity system.

These two policies, EERS and RPS, figure prominently in a forthcoming report, prepared
by the American Council for an Energy Efficient Economy and the American Council on
Renewable Energy and supported by the Rockefeller Brothers Fund, that explores the
synergies between energy efficiency and renewable energy. These two energy sources
offer a highly complementary approach to managing the challenges of the U.S. power
sector in the coming decades.

By moderating demand growth through an EERS and increasing clean generation
through an RPS, we can slow and begin to decrease carbon emissions in the utility
sector, while we work to adopt and implement a comprehensive cap-and-trade
system. Congress should give strong consideration to this EERS-RPS appreachas a
straightforward down payment on reducing carbon emissions, while it deliberates
the more complex issues entailed in enacting and implementing an economy-wide
climate policy.
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s Utility Revenue Decoupling

The recent National Action Plan for Energy Efficiency
(http://www.epa.gov/cleanrgy/actionplan/eeactionplan.htm) provides joint
recommendations from federal agencies, states, the utility industry and environmental
groups regarding energy efficiency. One area of focus in the report is the concept of
"revenue decoupling”. This approach, first instituted in California, decouples sales from
profits, so that electric and gas utilities do not have a disincentive to promote energy
efficiency. The current "throughput” incentive (the more electricity or gas a utility sells,
the more it earns) is a significant impediment to energy efficiency. As state utility
commissions work to advance decoupling, Congress and the Administration (especially
FERC and DOE) should consider further incentives to promote energy efficiency. One
important federal role would be to promote "best practices" and provide technical
assistance to interested parties to facilitate energy efficiency.

o Tax Credits for Efficient Buildings

Thanks in part to the efforts of this Committee, the Energy Policy Act of 2005 provided
important tax incentives for efficient buildings and equipment, in addition to significant
support for renewable energy and other advanced energy technologies. Legislation
introduced last year by Senators Snowe and Feinstein, called the EXTEND Act, extends
and expands these building-related incentives to enhance investment in energy efficiency.
The principal purpose of the bill is to extend the temporary 2005 EPACT tax incentives
for a sufficient length of time so that the business community can invest in complying
with the significant requirements for the incentives.

Commercial buildings and large residential subdivisions have lead times for planning and
construction of 2-4 years, so many businesses will refrain from making investments to
qualify for tax incentives if the duration of the incentive is only 2 years. The EXTEND
Act provides four years of assured incentives for most situations, and some additional
time for projects with particularly long lead times, such as commercial buildings.

The EXTEND Act also makes an important modification to the 2005 EPACT incentives
so as to phase out incentives based on the cost incurred in saving or producing energy and
replace them with incentives based on the actual performance (measured by on-site
ratings for whole buildings and factory ratings for products like air conditioners,
furnaces, and water heaters.) The legislation provides a new home retrofit tax incentive
for ambitious levels of energy savings that are verified by a third-party rater.

A goal of this bill is to provide a transition from the EPACT 2005 retrofit incentives,
which are based partially on cost and partially on performance, to a new system that
provides greater financial incentives based on performance. These larger incentives
should not cost the Treasury more because the ambitious requirement of a minimum 20
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percent savings will effectively eliminate free ridership, which is the problem that caused
the current EPACT incentives to be scored as high as they were.

The Snowe-Feinstein bill also extends the applicability of the EPACT incentives so that
the entire commercial and residential building sectors are covered. The current EPACT
incentives for new homes are limited to owner-occupied properties or high rise buildings.
The Snowe-Feinstein bill extends these provisions to rental property and offers incentives
whether the owner is an individual taxpayer or a corporation. This extension does not
increase costs significantly, but it does provide greater fairness and clearer market signals
to builders and equipment manufacturers.

e Public- Private Partnership on Low Income Weatherization

Across the nation, poor families often increasingly face the choice between heating and
eating as prices for natural gas, heating oil, propane and electricity have skyrocketed and
millions of poor Americans have found themselves spending more than one-quarter of
their income to run their furnaces, air conditioners and keep the lights on. In a survey of
low income families — before the energy price spike in 2005-2006 -- 32% went without
medical or dental care, 24% failed to make a rent or mortgage payment, and 22% went
without food for at least one day due to energy bills.

Congress continues to debate the traditional fix for this problem: additional funding for
the Low Income Home Energy Assistance Program (LIHEAP). But we need to recognize
the serious limitations of the roughly $2 billion we spend annually on federal fuel
assistance, particularly as Congress considers the Fiscal Year 2008 budget. LIHEAP is
essentially a one-shot buy-down of energy bills that covers only a modest percentage of
eligible families — an absolutely critical but in no way sufficient answer to the energy
woes of the poor. Together, federal and state fuel assistance funds provided less than
10% of the total energy costs for low income households in 2006.

The longer-term answer for the poor is home weatherization. By upgrading a home’s
furnace, sealing leaky ducts, fixing windows, and adding insulation we can cut energy
bills by 20-40% -- for years — and the substantial savings accrue with summer air
conditioning as well as winter heating. And by adding energy efficient appliances and
lighting the savings are even greater. Replacing a 1970s vintage refrigerator with a new
energy efficient model will cut an average home electricity bill by 10-15%. Weatherizing
low-income homes also improves comfort, reduces illness, and creates jobs.

Unfortunately, we have taken a penny-wise pound-foolish approach to low-income
weatherization with less than $245 million in the 2006 Department of Energy
weatherization budget, enough for only about 100,000 U.S. homes. And while the nation
has weatherized about 5.5 million low-income homes since 1976, more than 28 million
remain eligible. While the Bush Administration has supported increases in the
weatherization program in the past, the 2008 budget proposes only $144 million, a cut of
about $100 million that will have serious consequences for the nation’s poor.
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Instead of cutting weatherization funding, the President and Congress should make a
national commitment to weatherize at least one million low-income homes each year for
the next decade. This program would go a long way toward helping the most vulnerable
among us—something the nation pledged it would do after Hurricane Katrina
emphasized the extent of American poverty. The price tag for retrofitting 10 million low-
income homes is relatively modest — about $2 billion annually when fully implemented.

With such a commitment there would be other benefits that directly address our current
energy and environmental challenges. Stresses we are seeing today on the U.S. energy
system ~ from blackouts to natural gas shortages --will be dampened with every
additional home weatherized. For example, weatherizing all the low-income homes that
heat with natural gas would cut residential U.S. use of this clean-burning fuel by about
5%, dampen its price volatility and reduce the call on federal fuel assistance funds.

The advanced technologies pioneered in the federal low income weatherization program
can also be readily applied to the U.S. housing stock at large, with even greater energy
savings. One technology developed in the Department of Energy weatherization program
uses a pressurization device and a simple infrared sensor to pinpoint leaks down to the
size of a nail hole for about $100 per home. With this information insulation can be
installed in the right places with the least amount of waste.

As we cut energy demand we also cut air pollution. An Ohio study showed that
weatherizing 12,000 homes not only cut the average consumer bill by several hundred
dollars each year but overall avoided annual emissions of 100,000 pounds of sulfur
dioxide as well as 24,000 tons of carbon dioxide — the primary global warming gas. As
Congress and the Administration consider changes to the Clean Air Act and how to
address climate change we ought to create an effective way to encourage power plant
owners to invest in weatherization and other “downstream” pollution reduction
opportunities. This could leverage substantial additional private sector capital for low-
income weatherization and avoid the need for new power plants.

More broadly, we believe there are a variety of potential mechanisms to spur private
sector investment in weatherization and we are currently exploring these within the
financial community. One approach would:

e aggregate thousands of homes eligible for weatherization in a locality

o establish a base-line of energy use as well as associated greenhouse gas and other
emissions across the portfolio of homes

o install advanced metering to monitor post-investment savings as well as provide
utility load control

s secure federal and state funding as well as carbon off-set, pollution credits, and
utility capacity payments

s leverage private sector investment in the aggregated portfolio through a “shared
savings” approach or other financial mechanism

e benchmark the investment to enhance replication
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There may also be an opportunity to provide an extra incentive or credit in the Energy
Efficiency Resource Standard for investment by an electricity or gas supplier in low
income home weatherization.

o State Building Codes

California has demonstrated the significant efficiency gains that can be achieved through
state building codes that are well designed and implemented. Title 24 of the California
Code has been the national model, helping the state avoid thousands of Megawatts of
new generation capacity. Despite this impressive track record in California, many states
have inadequate state building codes or none at all. Section 128 of the 2005 Energy
Policy Act authorizes $25 million per year for FY2006-FY2010 ($125 million total) for
states that have adopted, and are implementing, both residential and commercial building
energy-efficiency codes that meet or exceed specific standards. For states where there is
no statewide code, the money will be allocated to local governments that have
implemented codes that meet the above standards. Unfortunately, the funding authorized
in the 2005 EPACT for state building codes was never appropriated by Congress and
therefore this important incentive for adoption of state building codes has not been
implemented. Congress should appropriate the funds authorized in the 2005 EPACT.

o Appliance Efficiency Standards

One of America's least-heralded energy success stories involves federal

appliance efficiency standards. In the last 15 years, Congress and the Department of
Energy have set new standards for dozens of products. Refrigerators sold since 2001 in
the U.S. use just one-third the energy of comparable models sold in 1980. Home air
conditioners are nearly twice as efficient as those sold at the start of the Reagan
administration.

Standards in place today will save American families and businesses about $200 billion
cumulatively by 2020, cutting electricity demand and carbon emissions substantially. The
16 products in the Energy Policy Act of 2005 will save another $50 billion, and will cut
carbon emissions by another 16 million tons in 2020.

Unfortunately, DOE has issued only two new appliance efficiency standards during the
tenure of the current Administration. In the settlement of recent litigation brought by
states and environmental groups, DOE agreed to issue 22 overdue standards in the next
four years. Congress should ensure that DOE has the funds to conduct the necessary
analysis, that the Department stays on schedule, and that it adopts rigorous final
standards.

Section 124 of EPACT 2005 authorizes a new program to encourage deployment of high
efficiency appliances, based on a successful New York program. The program, however,
has not been funded. Congress should appropriate the authorized funds.
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e Federal RD&D Funding

Research and development is essential to supplying the "technology pipeline” we need to
provide this century's clean energy solutions. Unfortunately, R&D on energy efficiency,
as well as other energy technologies, has been falling. The Bush Administration's 2008
request for efficiency R&D is 18% below the FY 2006 levels, and more than a third
lower than the 2002 budget. Total federal spending remains far below the peak of
investment that occurred in the 1970s. And the private sector has not yet picked up the
slack; efficiency funding in the electricity and gas industries has fallen even faster than
federal investment. Some states, like California, Iowa, Wisconsin, and New York, are
trying to pick up the slack, but their work is no substitute for federal support. Congress
should ensure that adequate funds are appropriated in Fiscal Year 2008 and beyond to
advance critical clean energy R&D.

Beyond R&D there are a number of deployment-oriented programs that Congress
authorized in EPACT 2005 but has either not funded or has provided insufficient funds.
These cut across many areas including buildings, appliances, energy codes, state energy
programs, low income programs, public information and education, public buildings, and
pilot projects. Also, the loan guarantee program authorized by Congress in EPACT 2005,
which could be a significant help in energy efficiency projects, has yet to back any loans.
All of these deployment programs help ensure that the technologies developed in the
national laboratories or nurtured by federal R&D funding, actually get to the marketplace.

Conclusion

Mr. Chairman and members of the Committee I am confident that a concerted policy
push by the federal government, as outlined above, can greatly increase private sector
investment in energy efficiency, resulting in many benefits for the nation. Ilook forward
to working with the Senate to develop, enact and implement legislation that will stimulate
this much needed investment.
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Statement of U.S. Senator John D. Rockefeller IV
on Senate Finance Committee hearing on
“America’s Energy Future: Bold Ideas; Practical Solutions”

February 27, 2007

Thank you, Mr. Chairman, for calling this hearing and for bringing together this
distinguished panel of experts to discuss an issue of utmost importance to the nation.

A discussion of our “Energy Future” could just as easily be thought of as one to
discuss our “Economic Future™ or our “Foreign Policy Future.” There may be nothing
we do in this Committee, or possibly in this entire Congress, with as many far-reaching
impacts as a frank and honest discussion leading to a comprehensive and responsible
national energy policy.

When I go home to my state of West Virginia, I am often asked what can be
done to lower the price of gasoline, and I am frequently asked in West Virginia and in
Washington what can be done to increase our domestic supply of natural gas and
alternatives. Each of us has ideas on the best ways to tackle these problems, but even if
the prices our constituents are paying for various energy products were not of concern,
we should still be engaging in a program similar to the Apollo program to find our way to
greater energy independence: Since the Administration of the President’s father, we have
twice put American soldiers, sailors, airmen, and Marines in harm’s way to defend,
among other things, foreign sources of the energy we use.

If price was of no concern, our dependence on foreign sources of energy —
which has only grown since 1 came to the Senate 22 years ago — would still have to be
seen as a ticking time bomb for our nation, our economy, and our way of life. It is
imperative that we take action as a Congress, hopefully with the cooperation of this
Administration, to address our dependence on foreign sources of energy.

How do we do that? For me and many members of this committee, one part of
the answer has been to diversify our energy choices by diversifying the fiels that power
our economy. [ have long advocated for a broad-based program to increase the use of
alternative fuels and alternative fuel vehicles. We should look at the success of Brazil,
which has embraced ethanol from sugar cane, and see if we can increase our production
of bio-based fuels beyond com-producing states. We should push for greater use of our
other renewable sources of energy. We should look at what we have, and find better
ways to use these resources.

We have only scratched the surface in doing all that we can with all or our
domestic energy resources. As a Senator proud to represent a coal state, I will continue
to fight for greater use — and more innovative use — of an abundant domestic resource that
absolutely dwarfs the Btu value of all the oil in the Persian Gulf. I know Governor
Schweitzer and some of the other witnesses today will discuss clean coal and coal-to-
liquids conversion, and I look forward to what they have to say. If our demand for
¢lectricity increases as projected, and this country is going to be proactive in addressing
its rate of carbon emissions, we have no choice but to dramatically increase our use of
advanced clean coal and carbon capture technologies. We made some strides with our
work on this issue in the 2005 energy bill, but we must do more.

As important as coal is to our electricity supply, I believe the coalfields of
Appalachia and elsewhere can be just as great a source of energy for the transportation
sector. Coal-to-liquids conversion, or CTL, is proven science, not some theoretical
construct we hope to be able to count on several decades hence. There are challenges
with CTL, as with any energy production, but they are challenges we understand and
which we can overcome.

1 look forward to working with my colleagues on these important uses of coal,
as well as other energy measures to be considered by this Commitiee in the months to
come, and I look forward to the testimony of our witnesses.
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Opening Statement of U.S. Senator Ken Salazar
Committee on Finance
America’s Energy Future: Bold Ideas, Practical Solutions
February 27, 2007

Thank you, Mr. Chairman and Ranking Member Grassley. 1 want to thank you for the leadership
you’ve shown in supporting extensions of the production tax credits, and passage of Clean
Renewable Energy Bonds. 1 also want to thank you for holding today’s hearing on this
important topic of our country’s energy future.

All Americans should be alarmed at how our country’s rising dependence on foreign oil is
undermining our security at home and abroad. We must champion a new ethic and goal of
setting America free from its overdependence on foreign oil, including the development of
alternative and renewable energy sources, and new technologies to utilize fossil fuels in a more
efficient and environmentally sound manner.

Our country is extremely rich in renewable energy resources, such as solar, wind, biofuels, and
biomass. As I have spent time in places like Prowers County or Alamosa County in Colorado, 1
have seen a clean energy revolution beginning to develop in our heartland. In these small rural
communities, like so many others across the country, people are banding together to build small
biofuels plants that will fuel our cars, and solar and wind farms that will produce electricity for
our homes. We have some of the most productive farmers, ranchers, entrepreneurs, and
engineers in the world. If we give them the right tools, they can use our country’s renewable
resources to build a new, clean energy economy.

Many of these renewable energy technologies are available for wide-scale deployment today, but
a national commitment that includes effective policy measures is necessary if these renewable
energy technologies are going to be able to reach their full potential. That’s why I have worked
to develop four bills that will provide important incentives to spur rural communities to build a
renewable, clean energy economy.

The first bill, the Renewable Energy Bonds Act (S. 673), introduced with Senator Smith,
provides incentives for investment in wind and other renewable energy projects by giving private
developers access to tax-exempt bond markets. Currently, the federal tax code only allows
municipal and public entities access to tax-exempt bond markets for wind and other renewable
energy projects. Private developers, who are more likely to invest in smaller projects and who
are currently responsible for nearly 75% of current renewable energy development, are not
eligible to use these federally tax-exempt bonds. This is unfortunate because these are the same
small developers who don’t benefit much from the production tax credit, as their federal tax
liabilities usually aren’t big enough to reap the tax credit’s benefits.

Renewable energy bonds make sense for these small developers, and because they cost the
federal government less than the production tax credit, they also make sense from a fiscal
perspective. This bill may actually save the government money.



73

The second bill I introduced with Senators Smith, Dorgan and Craig, the Rural Wind Energy
Development Act (S. 672), would extend the production tax credit to include small wind
systems. We have made great strides in wind development over the last few years, a fact that is
demonstrated by wind energy’s growing availability to Colorado consumers.

Unfortunately, the existing production tax credit only benefits larger producers that build wind
farms with million-dollar turbines. Small businesses, towns, farms, and families aren’t given the
same incentive to produce their own renewable power from smaller, more affordable turbines.

This simply doesn’t make sense. The National Renewable Energy Lab in Golden, Colorado, and
others are making great strides in the development of small wind systems that can be installed on
homes and businesses. The systems that are currently available cost around $50,000 for 10
kilowatts of capacity. That’s a steep investment for any family or business. My bill, by
providing a tax incentive for their purchase, would not only reduce the cost, it would also create
more market certainty for manufacturers of small wind systems. With more systems in
production, costs will fall even further, and small wind will be a real option for more people.

The Rural Wind Energy Development Act is simple; it creates a five-year tax credit of $1,500
per half kW, There is no cap for the purchase and installation of small wind systems, so long as
they are smaller than 100kW. It will put more small wind systems on the market, and it will give
consumers more choices of how to power their homes and businesses.

I will also co-sponsor legislation soon to be introduced by Senators Snowe and Feinstein — the
Extend the Energy Efficiency Incentives Act. This legislation will extend the temporary tax
incentives for energy-efficient buildings established in the Energy Policy Act (EPAct) of 2005
for a sufficient length of time in order to allow the business community to make rational
investments in complying with the ambitious requirements of the Act.

I have also co-sponsored, along with Senator Smith, the Securing America’s Energy
Independence Act (S. 590), which will extend for eight years the investment tax credit for
qualified fuel cell property and solar energy property.

Finally, I strongly support extending the production tax credit for electricity produced from
renewable sources of energy as a way to encourage greater use of renewables. Specifically, 1
support a five- to ten-year extension of the existing production tax credit for electricity produced
from renewables.

The Senate Committee on Finance has a key role to play in providing incentives that are needed
to build a new energy economy, and that is why today’s hearing is so timely. [ believe it is
imperative that this Congress be bold in putting in place energy tax policies that will encourage
and speed the development of our nation’s renewable resources.

Mr. Chairman, I thank you again for holding this important hearing. Ilook forward to hearing
from our witnesses today on their ideas for creating a new, clean energy economy.
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US Senate, Committee on Finance
Montana Governor Brian Schweitzer
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Chairman Baucus and Ranking Member Grassley—a very sincere thanks for
inviting me to address this important committee and allowing me the opportunity
to share my ideas about America’s energy future. | can’t conceive of a more
pressing issue for the country, and appreciate the Senate Finance Committee
sharing that concern.

As Governor of the State of Montana | have been very aggressive in positioning
the state to assist in helping the country address energy independence while
capitalizing on emerging energy markets. This includes promoting renewable
energy development and conservation, as well as the development of coal-to-
liquids facilities as a bridge to new, sustainable energy development. During the
last two years Montana has adopted new energy policies and completed and
announced an amazing array of energy projects—from wind farms to refinery
upgrades fo interstate transmission projects to coal gasification and liquefaction
plants.

The context for my efforts to develop domestic energy can be found halfway
across the globe. If you look at a map of the Middle East, and place at the center
of it the country of Kuwait, you can see that this tiny country is the most strategic
place in the region, and possibly on the entire planet. A circle around Kuwait with
a radius of 1,000 nautical miles encompasses or touches upon Russia, Turkey,
Kazakhstan, Uzbekistan, Turkmenistan, Afghanistan, Pakistan, Iran, Saudi
Arabia, the Emirates, and Egypt, and all of it is accessible on the ground.

As a comparison, place tiny Kuwait in Kansas, and draw that same 1,000-mile
circle. It reaches well into both Manitoba and Mexico, and into California and the
Carolinas. We could indeed move massive military or other resources to any of
these places—thousands of troops, along with tanks and humvees, on the
ground. How long would it take? Thirty-six hours? Forty-eight? The scenario is
the same for logistical movements from the center of the circle at Kuwait.

| lived in Saudi Arabia for a half-dozen years, developing large irrigation projects
from the Iraqi border to the Yemeni border. While there, | had a chance to
observe Iran’s situation in the Gulf. The oil in the region floats on supertankers
through the Strait of Hormuz, which at its narrowest peint is 20 or 30 miles wide.
So Iran, at a time of its choosing, can stop as much as 20% of the world’s oil
supply from getting to Asia, Europe and North America. Even though only about
17% of U.S. oil comes from the Middle East, the effect of such an act would be
devastating. It is conceivable that the price of oil could move rapidly from $100
to $200 to $300 a barrel, and gasoline could move from $4 to $8 to $12 a galion.
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That is why our troops, unless we develop alternatives, will be in Kuwait for the
rest of our lives, and until the end of our children’s lives. Consider that we still
have 30,000 troops in Korea, 50 years after that war, because it is a strategic
location. We still have thousands of troops in Central Europe, 60 years after
WWII, for the same reason.

In the last two years, Montana was one of only two states in the nation to
appreciably increase its oil production, and we will increase it again this year. |
hope that can continue for some time, but our nation’s dependence on foreign oil
ensures that we will be involved not only in the Middle East, but also in places
like Venezuela, Nigeria, and Angola. It demands that we continue to send our
soldiers—and their children, and their grandchildren—into harm’s way, to ensure
that we have boots on the ground for the protection of our strategic interests.

Americans use 6.5 billion barrels of oil each year. We only produce 2.5 billion
barrels ourselves. We import 4 billion from some of the world's most unstable
regions. America needs a plan to get out of this mess.

We can save 1 billion barrels of oil a year through conservation—things like more
efficient cars, homes, businesses, and appliances. We've done this before. We
reduced our energy use by a similar percentage during the oll crisis of the late
1970’s, when President Carter asked us to sacrifice. During the period from
1975 fo 1983, we decreased our consumption of oil by 17%, while we grew our
economy by 27%. Through informed consumers and the use of existing
technology, we can do it again. That leaves us with a 3 billion barrel a year
deficit to conquer.

Another part of the solution is biofuels. A year ago, in his State of the Union
address, President Bush recognized our addiction to oil. In his address to the
nation just a few weeks ago, he talked about conservation and alternative fuels,
and of setting a goal of producing 35 billion gallons of ethanol by 2017. That's
almost a billion barrels—about 15% of our entire annual consumption of
petroleum. I’'m an agronomist by training, so over the last few years I've been
crunching the numbers on biofuels.

I do think we can produce a billion barrels of biofuels, but they won't be just
ethanol. Some of the biofuels we produce will be biodiesel from crops like
canola, safflower, soybeans, and camelina, which is my personal favorite,
because it is particularly well-suited to Montana's arid climate. And the net
energy ratio of biodiesel is more favorable than with ethanol.

So after we produce a billion barrels a year of biofuels and add it to the billion
barrels gained through conservation, our 4 billion barrel oil deficit has been
reduced to 2 billion barrels a year.
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What do we do to cover that remaining 2 billion barrels? In Montana we have a
lot of coal—as much as 120 billion tons of it. That is 28% of the nation’s
reserves, and 8% of the world’s coal, just in Montana. It is located close to the
surface, and it represents some of the least expensive BTU's available in the
world. Over a year ago representatives from Sasol, the South African coal
liquefaction giant, came to visit. We toured Montana’s coal country.

On maps and from the air, | was able to show them our resources and
infrastructure: our three varieties of coal; oil and gas resources; oil shale;
railroads; transmission lines; pipelines, and so on. Especially notable were the
two significant ol fields in Montana, where they eagerly await carbon dioxide for
enhanced oil recovery. As | told Sasol about our great work force and our work
ethic, and pointed out the distant towns and trade centers from the air, |
mentioned that a facility built in this part of Montana is a very safe asset—we
don't have hurricanes or major tornadoes or earthquakes. That was in August,
just before Hurricane Katrina hit and reminded us all of the importance of safe

geography.

| informed Sasol that Montana has the greatest crack spread for fuels. All three
of the oil refineries in Billings, Montana are some of the most profitable in the
country for their parent companies, because the value of the crude oil they buy is
low and the value of the refined product is high.

When | began to talk about the numbers related to coal, these representatives
thought 1 was off by a factor of ten. | then repeated that the lignite was indeed
worth about 18 cents a ton in the ground, and about $4.50 a ton mined. They
didn’'t seem convinced, but then we flew down to Colstrip, Montana. it really is
one of the most impressive coal developments in the world. And they were
impressed. We landed and showed them the value of this sub bituminous coal,
the way we mine it, the way we reclaim it, and the four coal-fired plants where we
generate electricity, mostly for export from the state. Sasol became intrigued.

Since then, plants have been announced. At the Bull Mountain Mine near
Roundup, Montana, a partnership involving Arch Coal, the 2™ largest coal
company in America, has said they are going to develop a 300 megawatt IGCC
power plant and a 20,000 barrel a day coal-to-diesel plant. it will be a $2 billion
project. Peabody Energy, the world’s largest private coal company, and the
technology company Rentech have agreed to move forward to assess the
feasibility of a coal-to-liquids facility at the Big Sky Mine near Colstrip.

But America is not going to develop coal in Montana or in other parts of the
country if we continue the ways of the past. Development of coal the way we
have in the past simply won't be financable in the future. That is because, as a
nation, we are finally coming to grips with the risks of climate change.
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We need to use better ways of extracting energy from coal, and put the carbon
back into the earth where it came from. To do so, we need to perfect geologic
sequestration of carbon dioxide. We must identify geologic structures where we
can store great quantities of carbon dioxide. In Montana, we have what we call
the Big Sky Sequestration Partnership at Montana State University, working with
the Department of Energy. We have identified some of these geologic zones, but
there is much more work to be done. We need measuring devices and
monitoring protocols, and we need to work out liability provisions. We clearly
cannot be doing this haphazardly.

Back to our 4 billion barrel oil deficit. A billion barrels a year can be met through
conservation and efficiency, and another billion from biofuels. 1t is my hope that
Americans can produce the final 2 billion barrels a year from our enormous coal
reserves—developing a clean-burning fuel for about $1.20 a gallon. We could do
this, and over the next thirty years only touch a small fraction of our domestic
coal reserves.

Beyond the challenge of imported oil and its impact on our foreign policy and the
lives of our young soldier heroes, we face a challenge in producing enough
electricity to meet our growing demand-—and doing so in a way that does not
contribute further to global warming. Part of the solution is in wind power
generation. In Montana, we have class 4, 5, 6, and 7 wind—first in the nation in
those combined categories. So we have some of the most robust wind potential
in America, but only in the last two years has significant wind power development
occurred in Montana. Over $300 million has been invested in wind power
recently, but in just the projects now proposed there will be another billion dollars
invested in Montana wind energy over the next few years.

Wind power must become a more significant part of our energy portfolio in this
country. But the wind does not blow ali the time and backup power sources are
needed to ensure transmission system stability. It's impossible to use wind
power as a significant source of new electrical energy to supply growing markets
like California, southern Nevada, and Arizona unless we have additional
transmission capacity. Without it, we won’t be able to use wind power for much
more than 15% of our portiolio.

So | am excited that TransCanada’s proposed Northern Lights project is moving
forward with a 3500MW DC transmission line. It will originate in Montana, and
deliver clean and green electricity to the Southwestern U.S. In addition, the
Montana Alberta Tie Line now under permitting will deliver 300MW of wind power
to Canada for movement to the Pacific Northwest.

Combined with power from wind generation and clean, green coal projects
coming on-line, this added transmission will help to stimulate energy production
in Montana. Frankly, if we had enough redundant transmission capacity in this
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country we could run a good portion of our portfolio on wind alone, because at
any given moment the wind is blowing in a number of places in America.

There are other opportunities for firming wind power. We have begun to assess
underground compressed air storage sites. Typically, we can only generate
electricity when the wind is blowing, whether we can use it at that moment or not.
But with underground compressed air, we can use some of this wind power to
run compressors, store that air underground, and then release it to run turbines
when the wind is not blowing. Some of the same types of geological formations
that are suitable for storage of carbon dioxide are suitable for storing compressed
air.

Once more, please visualize that map of the Middle East. If we don’t get
conservation right, if we don't start utilizing our wind resources more effectively,
and if we don't develop biofuels and coal-derived fuels, then the next generation
and the one after that will be even more familiar with the countries of the Middle
East.

We need to make a very real national commitment to domestically produced
energy. We have the inherent energy resources, and we can develop the
technologies to use them. We can perfect the sequestration of carbon dioxide.
Through these efforts we can create tens of thousands of new jobs right here in
America.

Yes, we can achieve energy independence in America, but only if we have a true
vision for the energy future of America. We must have a plan to get there, and
the political will to bring it to reality.



79

Senate Finance Committee Hearing
“America’s Energy Future: Bold Ideas, Practical Solutions™
February 27, 2007
Questions for the Record for Governor Brian Schweitzer

Questions From Senator Salazar:

1. How do you propose to address the issue of CO, emissions from coal-to-liquid (CTL)
projects, which are much higher than normal refinery-based production of liquid fuels?

Producing coal-derived fuels does indeed result in greater CO, emissions than those from
petroleum-derived fuels. As I stated in my testimony, unless we develop carbon sequestration
technologies to store carbon subsurface, I do not believe coal will be part of the future of
America’s portfolio. The principle applies whether energy production involves petroleum
refining, pulverized coal, coal gasification, or CTL. That is why I suggested both a national cap-
and-trade structure for carbon and a commitment to fund extensive research and development
related to carbon sequestration.

More specific to CTL, | understand from my discussions with Dr. Socolow’s colleague Dr.
Robert Williams at Princeton that CTL carbon emissions can be made on-par with refined fuels
by adding approximately 10% biomass to dry-feed gasifiers, and in fact CTL can be made
carbon-neutral by adding approximately 20% biomass.

2. 1t is my understanding that 3 to 4 barrels of oil could be produced from enhanced oil
recovery {EOR) projects for every barrel of liquids produced from CTL, if the CO, produced
from the CTL project is used for EOR purposes. Do you agree?

1 am not familiar with information suggesting the 3 or 4-to-1 EOR oil-to-CTL fuel ratio,
although on a tons-of-CO,-basis, that ratio appears plausible. What I do understand is that EOR
using carbon dioxide can increase oil production by a factor of 2 to 5, depending on the geologic
situation and the remaining potential of the oil field.

3. If Congress offers incentives for the use of CO, for EOR, should these apply only to CO,
from CTL, or should they apply to the use of CO, from any source?

If incentives are offered, they should apply to the use of CO, for EOR from any man-made
source, whether from pulverized coal, IGCC, or CTL. However, under a carbon-cap scenario,
EOR using CO, should only be credited with the actual carbon that remains stored following oil
field depletion.
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Question From Senator Bunning:

4. You are an avid proponent of coal-to-liquid fuels and 1 have watched your proposals in
Montana with great interest. [ recently reintroduced my coal-to-liquid bill in this committee,
which would provide tax incentives to develop this technology. Specifically, it would extend
the fuel excise tax credit, expand the investment tax credit, and create a new credit for carbon
capture and sequestration. Are there other federal tax policies that are needed to develop
domestic coal-to-liquid fuel?

The tax policy front is fairly well covered, although those policies need to be extended to provide
for predictability—probably until at least the year 2020. I believe, however, that we can have a
much greater impact if we think bigger. If we institute a carbon cap-and-trade system, put a
floor price on all domestically-produced fuels, and make a real cornmitment to fund carbon
sequestration research and development, we incentivize a much more rapid response from the
energy industry.
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The Challenge of Managing U.S. Coal in a Climate-Constrained World

Testimony for the Record
Submitted to the Senate Finance Committee

Professor Robert Socolow
Princeton University
February 27, 2007

Mr. Chairman, Senator Grassley, and members of the Committee: Thank you for inviting me to
testify today on “America’s Energy Future: Bold Ideas, Practical Solutions.” I am pleased to be
here in my capacity as co-director of Princeton University’s Carbon Mitigation Initiative; as a
Professor of Mechanical and Aerospace Engineering at Princeton; and as an individual concerned
about the future of U.S. and global energy policy. We have tremendous challenges before us
when it comes to energy policy. But I firmly believe those challenges can be met, and I commend
you for your efforts to that end.

When William Shakespeare took a breath, 280 molecules out of every million entering his lungs
were carbon dioxide. Each time you draw breath today, about 380 molecules per million are
carbon dioxide. That portion climbs about two molecules per million every year. In my view, we
already know enough about the negative impacts on human civilization and the natural
environment that lie ahead to warrant taking action now to cut CO, emissions.

In 2004 Stephen Pacala and I published a paper in Science magazine called “Stabilization Wedges:
Solving the Climate Problem for the Next 50 Years with Current Technologies.” Our article’s
thesis was that, when it comes to energy policy and climate change, there’s no silver bullet.
Rather, a portfolio of strategies must be implemented to address this issue. Each strategy uses
technologies that have passed beyond the laboratory bench and demonstration project and have
already been implemented somewhere at full industrial scale. Among these strategies are the
deepening of energy efficiency in buildings, transport, and industry; the replacement of coal
plants with renewable energy and nuclear power; the use of biofuels; and the capture and
sequestration of carbon dioxide produced at coal power plants and coal-to-liquids plants, A
portfolio is needed because none of these elements is a credible candidate for doing the entire
climate mitigation job, or even half the job, by itself.

Today, [ will focus my testimony on the strategy that has moved to near the top of the list from
the perspective of urgency: carbon capture and sequestration, or CCS for short.

Two trains are on a collision course, but there is a switch.
Mr. Chairman, this really is a time of Bad News and Good News. The Bad News is that two trains

are on a collision course. The Good News is that there is still time to switch one of the trains onto
a different track.
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Only a few years ago, the U.S. saw very few new coal plants in its near future. The coal industry
was pleading for regulatory relief so as not to be completely dismissed from the scene in favor of
natural gas. I remember hearing comments like: “Watch out, you may not need us now, but you
will need us later.” All this has changed. Train Number One is the rush to coal power in the U.S,,
a consequence of a much higher natural gas price than had been anticipated even quite recently.

Train Number Two is the urgency of dealing with climate change. Here too, a few years ago not
many Americans saw our country dealing aggressively with climate change in this decade. Now,
appropriately in my view, and none too soon, climate change is high on the agenda for U.S.
policy.

The collision is simple to explain. Coal, burned as we have burned it in the past, sends more CO,
into the atmosphere for each unit of useful energy produced than any other energy source. About
twice as much CO; goes into the sky for each kilowatt-hour of electricity produced, when the
electricity is produced at a conventional coal power plant, compared with a conventional natural
gas power plant.

So, the rush to coal makes the already difficult challenge of climate change even more
challenging.

But I said there was a switch that can prevent this collision. There are ways to burn coal so that
the CO, produced by oxidizing its carbon does not end up in the atmosphere. The switch is called
CO; capture and storage, or CO, capture and sequestration, or CCS.

CO; capture and sequestration is ready right now for full-scale deployment.

Relative to energy efficiency, renewable energy, and nuclear power, CCS is new on the scene.
But nonetheless it is mature. If Congress enacts legislation that enables CCS, the technology will
spread rapidly.

How could CCS be both new on the scene and commercially mature? The answer is that CCS
uses proven technologies in new combinations. CO, has long been captured at natural-gas power
plants and coal power plants for use by the food industry. At nitrogen fertilizer plants CO; is also
captured and combined with ammonia to make urea. Many of the components required for CO,
capture have long been used at full scale where hydrogen is made at refineries and where natural
gas is upgraded between the wellhead and the pipeline. A 500-mile carbon dioxide pipeline built
20 years ago has brought carbon dioxide from across New Mexico from southwest Colorado to
oil fields in west Texas. Ever since then CO, has been pumped into those fields and managed
there for enhanced oil recovery.

I cannot emphasize strongly enough that from a technological perspective CCS is ready for full-
scale deployment. Some technology strategies that may contribute to mitigating climate change in
a decade or two are not ready for full-scale deployment today; an example is the hydrogen fuel-
cell car, which awaits further work on hydrogen storage and on fuel cells. By contrast, there are
no technological reasons to delay full-scale deployment of CCS. Industry leaders will tell you that
once supportive policies are in place the industry will move ahead, learning as it goes, steadily
improving the many component technologies with which it is already familiar, and lowering costs
through experience and R&D.
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The best evidence 1 know for the readiness of CCS for full-scale deployment is the project at
BP’s Carson refinery, near Long Beach, California. BP and Edison Mission Group (a power
company) announced this project a year ago, and it is one of the projects that has received
investment tax credits under Section 48B of the tax code, per the 2005 Energy Policy Act. The
project is expected to gasify 4500 tons per day of petcoke, a negative-cost fuel that is the solid
residue left behind at the refinery when all the marketable products are extracted from crude oil.
After processing the petcoke, 800 tons per day of hydrogen will be burned in turbines for 510
MW of power, and four million tons of CO, will be sent off-site each year for enhanced oil
recovery (EOR).

From the perspective of gasification, petcoke and coal are essentially identical. The gasifier, shift
reactor, gas cleaning technology, gas separation technology, CO, compressor, and hydrogen
turbine are exactly the systems one envisages for coal power with CCS. The Carson project is a
testament to the readiness of the whole CCS approach.

At a new coal plant, CO, capture and sequestration is likely to break even, relative to CO,
venting, at a CO; emissions price ssmewhere near $30 per U.S. ton of CO,.

CO; capture and sequestration is likely to become a favorable economic strategy for a coal utility
at a price for CO, emissions of $30 per U.S. ton of CO,, approximately’. Prices on emissions in
the same range should also bring an end to flaring at the oil field and should enable other
“upstream” carbon-saving strategies, such as investments at oil refineries. CO; policy should
reach far upstream, because the low-hanging fruit is upstream.

Efficiency in energy use is where the other low-hanging fruit are to be found. Approximately
70% of U.S. electricity is consumed in buildings. Mandatory federal standards for household and
commercial lights, motors, air conditioners and other appliances are the most important policy
legacy resulting from the attention to energy efficiency in the 1970s and 1980s. Whatever
package of climate-change policies emerges from this Congress must contain a new set of
mandatory standards assuring much higher efficiency in the use of electricity. Advances in
modern electronics and materials can be incorporated in a new generation of efficient energy-
using devices and systems, thereby bringing into the market energy-efficiency achievements
considerably more impressive than the best we used to be able to do. A low-tech air-conditioner
cooling a poerly designed and poorly instrumented office building is as out of place in a climate-
constrained world as a coal plant without CO, capture and sequestration.

Any CO; policy restricted to creating a price for CO, emissions can be expected to have more
effect on technological decisions in the energy industries than on consumer behavior. This is
because any price on CO; emissions to the atmosphere will be a much higher percent of the
wholesale price of energy than of the retail price of energy. This is exactly like a tax on copper,
which affects the owner of the copper mine more than the buyer of copper wire. Overheads

2 The estimate that $30 dollars per U.S. ton of CO; is the incremental cost of CCS is uncertain for at least
four reasons. 1) It pertains to the “Nth” plant, where N may be about 10, with the assumption that the
incremental CCS cost will fall steeply before the Nth plant is built, but slowly after that. 2) It describes the
least expensive CO, capture strategy now known, which is capture at an integrated gasification combined-
cycle (IGCC) coal power plant running on bituminous coal. The incremental cost may be twice as high for
capture from a modern pulverized-coal steam plant. 3} It does not take into account the likely fall in costs
as new technology becomes available. 4) It assumes that permitting is not a costly process with long delays,
so that the costs of sequestration are well approximated by the costs of CO, pipelines and wells.
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accumulate as the material progresses along the value chain, lowering the percentage impact on
the price. As a result, federal policy can induce a large amount of carbon mitigation activity in the
energy industries (including CCS deployment) at a price on CO; emissions that induces only
small changes in the behaviors of energy consumers. The price of $30 per U.S. ton of CO, cited
above as probably sufficient to elicit the deployment of CCS at new coal plants will increase in
the cost of gasoline at the pump by only 25 cents per gallon. (See the Table at the beginning of
the Second Supplement at the end of this document.)

Enhanced oil recovery connects CO, capture and sequestration to national energy security.

Carbon dioxide is the mischief molecule in the atmosphere, but the miracle molecule below
ground. In the atmosphere, the gas traps the Earth’s infrared radiation heading to outer space,
thereby impeding the Earth’s dominant cooling strategy and raising the Earth’s average surface
temperature. Below ground, injected into the porous rocks where crude oil is trapped and hard to
recover, CO; combines with the oil to produce a fluid that flows more easily, increasing the
amount of oil recovered — an industrial strategy called enhanced oil recovery (EOR). Carbon
dioxide injects new life into old fields.

Quantitatively, a new one-thousand-megawatt coal plant will produce about six million tons per
year of CO,. If captured and used for EOR, this CO, should increase oil production at mature
fields by between 30,000 and 80,000 barrels per day. Domestic oil production is less than six
million barrels per day, so the incremental oil production from even 20 new coal power plants
would have a significant positive effect on vexing domestic and international oil problems. Any
CO, heading for the sky is domestic oil not produced — and more imported oil.

In one plausible model, the coal industry will hand CO; to the oil and gas industry at the power
plant gate, and the oil and gas industry will put it under ground. The coal industry and the oil and
gas industry have little history of cooperation. Your committee has hard work ahead as it figures
out the policies that can promote this cooperation.

“No CTL without CCS”: Any plant built in the U.S. that produces synthetic fuels from coal
must capture and sequester the CO, that would otherwise be emitted at the plant.

In response to the growing demand for imported oil to fuel vehicles, your committee is
considering subsidizing synthetic gasoline and diesel fuel from domestic coal. From a climate
change perspective, unless synfuels production is accompanied by CO, capture and sequestration,
this is a big step backward.

In synthetic fuels (synfuels) production from coal, only about half the carbon in the coal ends up
in the fuel, later to be emitted as CO, at the tailpipe. The other half of the carbon originally in the
coal is emitted as CO; at the synfuels plant. As a result, burning a coal-based synthetic fuel in a
car engine, instead of burning gasoline made from crude oil, sends approximately twice as much
carbon dioxide to the atmosphere when driving the same distance, unless CCS is incorporated
into the synfuels production process. Engineers can modify the design of a coal-to-liquids (CTL)
plant to capture its CO, emissions rather than venting them, and to send the captured CO, below
ground. A fuels system based on synfuels produced only at plants where CCS is deployed is no
less bad for climate than a fuels system based on petroleum fuels.
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“No CTL without CCS” isn’t the world’s most exciting bumper sticker, but it carries a vitally
important message.

To produce a million barrels per day of synthetic fuel from coal requires transforming about 100
million tons per year of coal into synfuels. CO, is produced at these plants at a rate of about 150

million tons of CO, per year. This is the approximate rate of CO, production at 25 one-thousand-
megawatt coal power plants.

“Carbon Price, Plus”: For CCS to take off, cap-and-trade policy must be supplemented
with policies specifically supportive of CCS.

The day will come when the CO, emissions price trajectory established in legislation is regarded
as nearly free of political risk. This time has already arrived for sulfur trading, brought into being
in the early 1990s — a spectacular success from the perspective of environmental policy and the
template for every cap-and-trade proposal since then. (I understand that our chairman is one of
the architects of that policy, and I welcome this opportunity to congratulate him personally.) But
during the early years of a carbon management regime, this credibility will be missing. Moreover,
the price will be low, relative to where it is heading.

These considerations militate in favor of putting in place, in parallel with a schedule governing
CO; emissions, strong technology-forcing sectoral policies. Examples of sectoral CO; policies
include appliance efficiency standards, renewable portfolio standards, and many of the
investment tax credits that this committee has added to our laws. The deployment of CCS will
require its own supplemental policies in the early years. For example, laws modeled on the
renewable portfolio standard can require the early costs of CCS deployment to be widely shared
among ratepayers. Especially important are the next investment tax credits. [ strongly recommend
that your committee restrict the next investment tax credits only to coal power plants and coal
synfuels plants that capture and sequester carbon dioxide.

There are dozens of variants of CCS, and therefore one should anticipate that CCS will develop
along many tracks at once. The optimal CCS strategy may depend on the details of the coal; the
best way to capture CO, appears for now to be via gasification with oxygen, but there are many
kinds of gasifiers, many capture technologies, and alternatives to gasification. There are also
many different sequestration destinations. I recommend that policies specify only that CO, must
be sequestered, with penalties for failure, but then leave it to the market to discover, for each
circumstance, the cheapest alternative.

Policy must distinguish industrial from natural CO,.

There are some remarkable gas fields in nature where the trapped gas is nearly pure CO,. Several
federal and state energy policies in the 1980s promoted the development of these fields, sending
into the atmosphere CO, that otherwise would have remained trapped below ground millions of
years into the future. This adverse impact on climate was inadvertent; the purpose of these
policies was to subsidize domestic oil production by subsidizing enhanced oil recovery. Existing
policy that does not distinguish natural from anthropogenic CO, should be repealed, and no
further policy of this kind should be legislated.
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Needed immediately are binding policies that encourage early good action and penalize
early bad action.

Some of those currently planning new coal-fired power plants apparently have expectations of
receiving a windfall from these plants. For example, they imagine that emissions permits will be
granted to these plants when a cap-and-trade system for CO, emerges. Such grandfathering of the
newborn would be extraordinary.

Often, policy makers seek ways to “encourage early action” during the period when policy is
being constructed, with the assumption that early action will be good action. In this instance,
early action is perverse. Urgently needed for the current period, during which the U.S. is
evaluating alternative climate-change mitigation policies, are policies that give clear and
persuasive signals to those contemplating the construction of new conventional coal plants,
carrying the message that all such plants will be penalized, not rewarded, no matter what the
climate-change mitigation policy that emerges.

I was one of many who were delighted by the news this past weekend that eight new coal plants
with conventional technology proposed for rapid construction in Texas will not be built. I can’t
prove it, of course, but it seems likely to me that the op ed in the Dallas News last month from
Senators Bingaman and Boxer, warning investors and the TXU leadership that, in effect, there
would be no grandfathering of the newborn, was instrumental in derailing the construction of
these eight backward-looking plants.
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Supplement One. Thoughts about economy-wide CO; policy.
“Mitigation Lite” must be avoided.

The political process will need to resist the temptation to settle for “Mitigation Lite,” a CO,
strategy with the right words but with the wrong numbers. Mitigation Lite leads to very little
investment in CO;-saving technology. Under Mitigation Lite, the CO, emissions price is
internalized, especially by the coal power industry, as just another cost of business. Mitigation
Lite results in a revenue stream flowing to the government that is compromised by being
unrelated to the intended function of the policy. To avoid the pathologies of Mitigation Lite, CO,
policies must be technology-forcing - in other words, CO; policies must be stringent enough to
lead to significant investments that reduce CO- emissions within the energy industries.

A low safety valve in a Cap and Trade System is a sure-fire way to arrive at Mitigation Lite.

A ramp from zero to $30 per ton of CO, over 10 years is probably strong enough to avoid
Mitigation Lite.

For purposes of encouraging discussion of specifics, consider a trajectory for the CO, price which
is a ramp that grows over ten years from zero to 30 dollars per U.S. ton of CO; in ten equal
increments of 3 doliars per U.S. ton of CO,. Thus, after five years, the price will be 15 dollars per
U.S. ton of CO,.

Very roughly, a CO, emissions price of $30 dollars per U.S. ton of CO, is the breakeven cost
where building a coal plant that vents its CO, costs the same as building a coal plant that captures
its CO, and paying for sequestration. (See footnote 2, above.) Such a price places distinctly
different pressure on the coal producer, the power plant operator and the home owner who
consumes the electricity. A coal producer sees a charge of about $70 per ton of coal, roughly
tripling the cost of the coal delivered to an electric utility customer. The owner of a new coal
power plant faces a 50 percent rise in the cost of the power the coal plant puts on the grid, about
two cents per kilowatt-hour (kWh) on top of a base cost of around four cents per kWh. The home
owner buying only coal-based electricity and paying a retail price of 10 cents per kWh
experiences one-fifth higher electricity costs — provided that the extra two cents per kWh cost for
capture and sequestration is passed on without increases in the charges for transmission and
distribution.

CO, policies must soon become prescriptive for a decade or more.

1t is essential to develop the credibility of any legislated trajectory for the CO, emissions price —
whether it be the trajectory of the shrinking size of the cap in a cap-and-trade system or the
trajectory for the rising emissions price in a tax system Probably, a shake-out period lasting two
or three years is a good idea. Even after the shake-out period, periodic revision, such as every five
years, is probably desirable, allowing new information about climate change science, about
technology, and about the workings of the mitigation system itself to be incorporated. But policy
design should not be built on “foot in the door”™ assumptions: low emissions prices for only a few
years, followed by unspecified ratchets.
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Supplement Two: Further observations

1. A Table of Costs expressing the same CO, emissions price in different ways suggests that
price policy will modify the practices of energy producers more than energy consumers.

{Form of Energy rice increment at $100/tC, or $27/tCO,
(“t” is metric ton; 1 metric ton= 1.1 U.S ton)

Natural gas [$1.50/1000 standard cubic feet

[Crude oil $12/barrel

Coal $65/U.S. ton

[Gasoline 25¢/gallon (ethanol subsidy: about 50¢/gallon)

'Electricity from coal 2.2¢/kWh (wind and nuclear subsidies: 1.8 ¢/kWh)

Electricity from natural gas {1.0¢/kWh

Notes to Table

Gasoline: 1 m’ =264.2 USS. gals; 630 kgC/m’ gasoline.
Crude oil: 1 bbl =42 U.S. gals; 730 kgC/m’ crude oil

Coal: 1 U.S. ton =907 kg; 0.71 kgC/kg coal

Natural gas: 1 Nm® = 37.24 scf; 0.549 kgC/ Nm” natural gas
Electricity from coal: 29.3 G/t coal (12,600 Btu/pound); 40% conversion.

Electricity from natural gas: 55.6 Gl/t natural gas; 0.75 kgC/kg natural gas; 50% conversion.

2. Enhanced oil recovery is a CO; emissions reduction pelicy, even though it produces
hydrocarbons.

EOR traps some CO, below ground. The baseline for thinking about the oil produced by EOR is
oil produced without EOR. Thus, EOR is a CO, emissions reduction strategy. There is another
perspective, technically correct but misguided, which observes that, for EOR as practiced today,
more carbon atoms come out as oil than are tucked away as CO,. The reason this argument is
misguided is that for most oil production, no carbon atoms are tucked away. Some is better than
none.

With a high price on CO, emissions, EOR will be different. The field operator’s strategy today is
to leave behind as little as possible of the CO, brought to the field, because buying the CO; is
costly and releasing it to the atmosphere is cost-free. Once there is a substantial price on CO,
emissions, the same operator will leave behind and sequester as much CO; as possible. The
industry will be transformed into one with two commercial purposes instead of one.
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3. Sequestration capacity will grow, much as any other non-renewable reserve grows, as
technology develops.

Space below ground for CO, sequestration in geological formations (“pore space”), already large,
will be subject to the same logic as oil or a metal or any other non-renewable energy or mineral
reserve. The quantity of pore space available will increase as exploration is extended, experience
with sequestration increases, and technologies improve.

4. Slow leakage of CO, from sequestration sites is not a catastrophe, only a loss of money.

Safe sequestration has two very different meanings. Safe sequestration requires absolutely
preventing fast and sudden release of CO, that could result in serious hazards to humans. For a
sequestration operation to earn a license, regulators will need to be satisfied that sudden leakage
is virtually certain not to occur. But safe sequestration is compatible with very occasionally losing
the CO, slowly, in spite of best intentions. Gradual leakage of carbon dioxide merely retums
some of the greenhouse gas to the air. The risks of safe sequestration in the second sense can be
managed by carrying insurance to reimburse whoever paid for the sequestration. Slow loss of
CO, is far from a catastrophe, and regulatory regimes should reflect this.

5. Clean coal must be clean upstream.

CCS technology has the potential to transform the image of the coal industry into one that
commercializes cutting edge, environmentally friendly, jobs generating, and profitable
technology. But this can happen only if the coal industry makes significant social and
environmental investments at the coal mine as well as at the coal power plant.

6. US leadership should accelerate the development of CO; policy in China and elsewhere.
China is now building coal power plants at a faster rate than we ever will. A coherent U.S. CO,
policy should result in gaining some influence on China’s construction program. Benefits to both
parties include reductions in overall costs resulting from shared learning about new technology
(including CCS technology), harmonized rules, and new markets for specific technologies. Levers
producing influence over China and other countries may be hard to find. What is certain is that
there is no point looking for such levers until the U.S. embarks on its own vigorous climate-
change mitigation policies. We must practice before we preach.

Mr. Chairman and members of the Committee, thank you for your attention.
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Getting a grip on greenhouse gases is daunting but doable.
The technologies already exist. But there is no time to lose
BY ROBERT H. SOCOLOW AND STEPHEN W. PACALA

Retreating glaciers, stronger hurricanes, hot-
ter summers, thinner polar bears: the ominous har-
bingers of global warming are driving companies
and governments to work toward an unprecedented
change in the historical pattern of fossil-fuel use.
Faster and faster, year after year for two centuries,
human beings have been transferring carbon to the
atmosphere from below the surface of the earth.
Today the world’s coal, oil and natural gas indus-
tries dig up and pump out about seven billion tons
of carbon a year, and society burns nearly all of it,
refeasing carbon dioxide {COy). Ever more people
are convinced that prudence dictates a reversal of
the present course of rising COy emissions.

The boundary separating the truly dangerous
consequences of emissions from the merely unwise
is probably located near (but below) a doubling of
the concentration of CO; that was in the atmo-
sphere in the 18th century, before the Industrial
Revolution began. Every increase in concentration
carries new risks, but avoiding that danger zone
would reduce the likelihood of triggering major, ir-
reversible climate changes, such as the disappear-

ance of the Greenland ice cap. Two years ago the
two of us provided a simple framework to relate
future CO; emissions 1o this goal.

We contrasted two 50-year futures. In one fu-
ture, the emissions rate continues to grow at the
pace of the past 30 years for the next 50 years,
reaching 14 billion tons of carbon a year in 2056.
{Higher or lower rates are, of course, plausible.) At
that point, a tripling of preindustrial carbon con-
centrations would be very difficult to avoid, even
with concerted efforts to decarbonize the world’s
energy systems over the following 100 years, In the
other future, emissions are frozen at the present
value of seven billion tons a year for the next 50
years and then reduced by about half over the fol-
towing 50 years. In this way, a doubling of COz
levels can be avoided. The difference between these
50-year emission paths—one ramping up and one
flattening ous—we called the stabilization triangle
{see box on opposite page).

To hold global emissions constant while the
world’s economy continues to grow is a daunting
task. Over the past 30 years, as the gross world
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product of goods and services grew at
close to 3 percent a year on average, car-
bon emissions rose half as fast. Thus, the
ratio of emissions to dollars of gross
world product, known as the carbon in-
tensity of the global economy, fell about
1.5 percent a year. For global emissions
to be the same in 2056 as today, the car-
bon intensity will need to fall not half as
fast but fully as fast as the global ccono-
my grows.

Two long-term trends are certain to
continue and will help. First, as societies
get richer, the services sector—educa-
tion, health, leisure, banking and so
on—grows in importance relative to en-
ergy-intensive activities, such as steel
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production. All by itself, thisshift lowers
the cacbon intensity of an economy.

Second, decply ingrained in the pat-
terns of technology evolution is the sub-
stitution of cleverness for energy. Hun-
dreds of power plants are not needed
wday becausc the world has invested in
much more efficient refrigerators, air
conditioners and motors than were avail-
able two decades ago. Hundreds of oil
and gas fields have been developed more
slowly because atreraft engines consume
less fuel and the windows in gas-heated
homes leak less heat.

The task of holding global emissions
constant would be out of reach, were it
not for the fact that all the driving and

did as capable of viggering

severe climate changes, Butif the world fattens outemissions
beginning now and tater ramps them down, # should be able to
keepeancentration substantialiybelow 560 ppm,

flying in 2056 will be in vehicles not yet
designed, most of the buildings that will
be around then are not yer built, the lo-
cations of many of the communities that
will contain thesce buildings and deter-
mine their inhabitants’ commuting par-
terns have not yet been chosen, and util-
ity owners are only now beginning to
plan for the power plants that will be
nceded to light up those communities,
Today’s notoriously inefficient energy
system can be replaced if the world gives
unprecedented attention to energy effi-
ciency. Dramatic changes arc plausible
over the next 50 years because so much
of the energy canvas is still blank.

To make the task of reducing cmis-
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sions vivid, we sliced the stabilization tri-
angle into seven equal pieces, or *wedg-
es,” each representing one billion tons a
year of averted emissions 50 years from
now (starting from zero today). For ex-
ample, a car driven 10,000 miles a year
with a fuel efficiency of 30 miles per gal-
lon (mpg) emits close to one ton of car-
bon annually. Transport experts predict
that two billion cars will be zipping along
the world’s roads in 2056, each driven an
average of 10,000 miles a year. If their
average fuel efficiency were 30 mpg, their
tailpipes would spew two billion tons of
carbon that year. At 60 mpg, they would
give off a billion tons. The latter scenario
would therefore yield one wedge.

Wedges

IN OUR FRAMEWORK, you are al-
lowed to count as wedges only those dif-
ferences in two 2056 worlds that result
from deliberate carbon policy. The car-
rent pace of emissions growth already
includes some steady reduction in carbon
intensity. The goal is to reduce it even
more. For instance, those who believe
that cars will average 60 mpg in 2056
even in a world that pays no attention to
carbon cannot count this improvement
as a wedge, because it is already implicit
in the baseline projection.

Moreover, you are allowed to count
only strategies that involve the scaling up
of technologies already commercialized
somewhere in the world, Yon are not al-
lowed to count pie in the sky. Our goal in
developing the wedge framework was to
be pragmatic and realistic—to propose
engineering our way out of the problem
and not waiting for the cavalry to come
over the hill. We argued that even with
these two counting rules, the world can
fill all seven wedges, and in several differ-
ent ways {see box on opposite page]. In-
dividual countries—operating within a
framework of international coopera-
tion—will decide which wedges to pur-
sue, depending on their institurionaland
economic capacities, natural resource
endowments and political predilections.

To be sure, achieving nearly every
one of the wedges requires new science
and engincering to squeeze down costs
and address the problems that inevitably

www.sciam.com

92

accompany widespread deployment of
new technologies. But holding CO; emis-
sions in 2056 to their present rate, with-
out choking off economic growth, is a
desirable outcome within our grasp.
Ending the era of conventional coal-
fired power plants is at the very top of the
decarbonization agenda. Coal has be-
come more competitive as a source of
power and fuel because of energy secu-
rity concerns and because of an increase
in the cost of oil and gas. That is a prob-
lem because a coal power plant burns
twice as much carbon per unitof electric-
ity as a natural gas plant. In the absence
of a concern about carbon, the world’s

coal utilities could build a few thousand
large {1,000-megawatt} conventional
coal plants in the next 50 years. Seven
hundred such plants emit one wedge’s
worth of carbon. Therefore, the world
could take some big steps toward the tar-
get of freezing emissions by not building
those plants. The time to start is now.
Facilities built in this decade could easily
be around in 2056.

Efficiency in electricity use is the most
obvious substitate for coal. Of the 14 bil-

lion tons of carbon emissions projected
for 2056, perhaps six billion will come
from producing power, mostly fromcoal.
Residential and commercial buildings
account for 60 percent of global electric-
ity demand today (70 percentin the U.S.)
and will consume most of the new pow-
er. So cutting buildings’ electricity use in
half—by equipping them with supereffi-
cient lighting and appliances—could lead
to two wedges. Another wedge would be
achieved if industry finds additional
ways to use electricity more efficiently,

Decarbonizing the Supply
EVEN AFTER energy-efficient technol-
ogy has penetrated deeply, the world will
still need power plants. They can be coal
plants but they will need to be carbon-
smart ones that caprure the CO3 and
pump it into the ground [see “Can We
Bury Global Warming?” by Robert H.
Socolow; SCIENTIFIC AMERICAN, July
2005}, Today’s high oil prices are lower-
ing the cost of the transition to this tech-
nology, because captured CO;z can often
be sold to an oil company that injects it
into oil fields to squeeze out more oil;
thus, the higher the price of oil, the more
valuable the captured CO;. To achieve
one wedge, utilities need o equip 800
farge coal plants to capture and store
nearly all the CO;z otherwise emitted.
Even in a carbon-constrained world,
coal mining and coal power can stay in
business, thanks to carbon capture and
storage.

The large natural gas power plants
operating in 2056 could capture and
store their COz, too, perhaps accounting
for yet another wedge. Renewable and
nuclear energy can contribute as well.
Renewable power can be produced from
sunlight directly, either to energize pho-
tovoltaic cells or, using focusing mirrors,
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to heata fluid and drive a turhine. Or the
route can be indirect, harnessing hydro-
power and wind power, both of which
rely on sun-driven weather patterns. The
intermittency of renewable power does
not diminish its capacity to contribute
wedges; even if coal and natural gas
plants provide the backup power, they
run only part-time (in tandem with en-
ergy storage) and use less carbon than if
they ran all year. Not strictly renewable,
but also usually included in the family, is
geothermal energy, obtained by mining
the heat in the earth’s interior. Any of
these sources, scaled up from its current
contribution, could produce a wedge.
One must be careful not to double-count
the possibilities; the same coal plant can
be left unbuilt only once.

Nuclear power is probably the most
controversial of all the wedge strategies.
If the flect of nuclear power plants were
to expand by a factor of five by 2056,
displacing conventional coal plants, it
would provide two wedges. If the current
fleet were to be shut down and replaced
with modern coal plants without carbon
capture and storage, the result would be
minus one-half wedge. Whether nuclear
power will be scaled up or down will de-
pend on whether governments can find
political solutions to waste disposal and
on whether plants can run without acci-
dents. (Nuclear plants are mutual hos-
tages: the world’s least well-run plant can
imperil the future of all the others.) Also
critical will be serict rules that prevent
civilian nuclear technology from becom-
ing a stimulus for nuclear weapons devel-
opment. These rules will have to be uni-
form across all countries, so as to remove
the sense of a double standard rhat has
long been a spur to clandestine facilities.

Oil accounted for 43 percent of glob-
al carbon emissions from fossil fuels in
2002, while coal accounted for 37 per-
cent; natural gas made up the remainder.
More than half the oil was used for trans-
port. So smartening up electricity pro-
duction alone cannot fill the stabilization
triangle; transportation, too, must be de-
carbonized. As with coal-fired electrici-
ty, at least a wedge may be available from
each of three complementary options:
reduced use, improved efficiency and de-
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carbonized energy sources. People can
take fewer unwanted trips {telecommut-
ing instead of vehicle commuting) and
pursue the travel they cherish (adventure,
family visits} in fuel-efficient vehicles
running on low-carbon fuel. The fueican
be a product of crop residues or dedicat-
ed crops, hydrogen made from low-car-
bon electricity, or low-carbon electricity
itself, charging an onboard battery.
Sources of the low-carbon electricity
could include wind, nuclear power, or
coal with capture and storage.
Looming over this task is the pros-
pect that, in the interest of energy secu-

rity, the transport system could become
more carbon-intensive. That will hap-
pen if transport fuels are derived from
coal instead of petroleum, Coal-based
synthetic fuels, known as synfuels, pro-
vide a way to reduce global demand for
oil, lowering its cost and decreasing
global dependence on Middle East pe-
troleum. But it is a decidedly climate-un-
feiendly strategy. A synfucl-powered car
emits the same amount of COy as a gas-
oline-powered car, but synfuel fabrica-
tion from coal spews out far more car-
bon than does refining gasoline from
crude oil—enough to double the emis-
sions per mile of driving. From the per-
spective of mitigating climate change, it
is fortunate that the emissions at a syn-
fuels plant can be captured and stored.

If business-as-usual trends did lead to
the widespread adoption of synfuel, then
capturing CO; at synfuels plants might
well produce a wedge.

Not alt wedges involve new energy
technology. If all the farmers in the world
practiced no-till agriculture rather than
conventional plowing, they would con-
tribute a wedge. Eliminating deforesta-
tion would result in two wedges, if the
alternative were for deforestation to con-
tinue at current rates. Curtailing emis-
sions of methane, which today contribute
about half as much to greenhouse warm-
ing as CO;, may provide more than one
wedge: needed is a deeper understand-
ing of the anaerabic biological emissions
from cattle, rice paddies and irrigated
tand. Lower birth rates can produce a
wedge, too-—for example, if they hold
the global population in 2056 near eight
billion people when it otherwise would
have grown to nine billion.

Action Plan

WHAT SET OF POLICTES will yield
seven wedges? To be sure, the dramatic
changes we anticipate in the fossil-fuel
system, including routine use of CO; cap-
ture and storage, will require institu-
tions that reliably communicate a price
for present and future carbon emissions.
We estimate that the price needed to
jump-start this transition is in the ball-
park of $100 to $200 per ton of car-
bon-—the range that would make it
cheaper for owners of coal plants to cap-
ture and store COy rather than vent it.
The price might fall as technologies
climb the learning curve. A carbon emis-
sions price of $100 per ton is comparable
to the current U.S. production credit for
new renewable and nuclear energy rela-
tive to coal, and it is about half the cur-
rent U.S, subsidy of ethanol relative to
gasoline. It also was the price of CO;
emissions in the European Union's emis-
sions trading system for nearly a year,
spanning 2005 and 2006. (One ton of
carbon is carried in 3.7 tons of carbon
dioxide, so this price is also $27 per ton
of CO;.) Based on carbon content, $100
per ton of carbon is $12 per barrel of oil
and $60 per ton of coal. Itis 25 cents per
gallon of gasoline and two cents per
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kilowatt-hour of electricity from coal.

Bur a price on CO; emissions, on its
own, may 1ot be enough. Governments
may need to stimulate the commercial-
ization of low-carbon technologies to in-
crease the pumber of competitive options
available in the future. Examples include
wind, photovoltaic power and hybrid
cars. Also appropriate are policies de-
signed to prevent the construction of
iong-lived capital facilities that are mis-
matched to future policy. Utilities, for
instance, need to be encouraged to invest
in CO; capture and storage for new coal
power plants, which would be very cost-
Iy to retrofit fater. Stilt another sex of pol-
icies can harness the capacity of energy
producers to promote efficiency-—moti-
vating power utilities to care about the
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installation and maintenance of efficient
appliances, natural gas companies to
care about the buildings where their gas
is burned, and oil companies to care
about the engines that run on their fuel.

To freeze emissions at the current
level, if one category of emissions goes
up, another must come down. If emis-
sions from natural gas increase, the com-
bined emissions from oil and coal must
decrease. If emissions from air travel
climb, those from some other economic
sector must fall. And if today’s poor
countries are to emit mote, today’s rich-
er countries must emit less.

How much less? Tt is easy to bracket
the answer. Currently the industrial na-
tions—the members of the Organization
for Economic Cooperation and Devel-

opment {OECD)—account for almost
exactly half the planet’s CO; emissions,
and the developing countries plus the na-
tions formerly part of the Soviet Union
account for the other half. In a world of
constant total carbon emissions, keep-
ing the OECD’s share at 50 percent
seems impossible to justify in the face of
the enormous pent-up demand for en~
ergy inthe non-OECD countries, where
more than 80 percent of the world’s peo-
ple live. On the other hand, the QECD
member states roust emit some carbon in
2056. Simple arithmetic indicates tharto
hold global emissions rates steady, non-
OECD emissions cannot even double.

One intermediate value results if all
OECD countries were to meet the emis-
sions-reduction target for the UK. that
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was articulated in 2003 by Prime Min-
ister Tony Blair—namely, a 60 percent
reduction by 2050, relative to recent lev-
els. The non-OECD countries could
then emit 60 percent more COp, On av-
erage, by midcentury they would have
one half the per capita emissions of the
OECD countries. The CO; output of ev-
ery country, rich or poor today, would
be well below what it is generally pro-
jected to be in the absence of climate
policy. In the case of the U.S., it would
be about four times less.

Blair’s goal would leave the average
American emitting twice as much as the
world average, as opposed to five times
as much today. The U.S. could meet this
goal in many ways [see Hlustration at
right]. These strategies will be followed
by most other countries as well. The re-
sultant cross-pollination will lower ev-
€Iy COUntry’s costs.

Fortunately, the goal of decarboniza-
rion does not conflict with the goal of
eliminating the world’s most extreme
poverty. The extra carbon emissions
produced when the world’s nations ac-
celerate the delivery of electricity and
modern cooking fuel to the earth’s poor-
est people can be compensated for by, at
most, one fifth of a wedge of emissions
reductions elsewhere.

Beyond 2056
THE STABILIZATION triangle deals
only with the first 50-year leg of the fu-
ture, One can imagine a relay race made
of 50-year segments, in which the first
runner passes a baton to the second in
2056. Intergenerational equity requires
that the two runners have roughly equal-
ly difficult tasks. It seems to us that the
task we have given the second runner (ro
cut the 2056 emissions rate in half be-
tween 2056 and 2106) will not be hard-
er than the task of the first runner {to
keep global emissions in 2056 at present
ievels)—provided that between now and
2056 the world invests in research and
development to get ready. A vigorous ef-
fort can prepare the revolutionary tech~
nologies that will give the second half of
the century a running start. Those op-
tions could include scrubbing CO;y di-
rectly from the air, carbon storage in
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minerals, nuclear fusion, nuclear ther-
mal hydrogen, and artificial photosyn-
thesis. Conceivably, one or more of these
technologies may atrive in time to help
the first runner, although, as we have ar-
gued, the world should not count on it.

As we look back from 2036, if global
emissions of COy are indeed no larger
than today’s, what will have been accom-
plished? The world will have confronted
energy production and energy efficiency
at the consumer level, in all economic
sectors and in econories at all levels of
development. Buildings and lights and
refrigerators, cars and trucks and planes,
will be transformed. Transformed, also,
will be the ways we use them.

The world will have a fossil-fuel en-
ergy systemabout as large as today’s but
one that is infused with modern controls
and advanced materials and that is al-
most unrecognizably cleaner. There will
be integrated production of power, fuels

energgand i N

and hear; greatly reduced air and water
pollution; and extensive carbon capture
and storage. Alongside the fossil energy
systera will be a nonfossil energy system
approximately as large. Extensive direct
and indirect harvesting of renewable en-
ergy will have broughtabout the revital-
ization of rural areas and the reclamation
of degraded lands. If nuclear power is
playing a large role, strong international
enforcement mechanisms will have come
into being to control the spread of nucle-
ar technology from energy to weapons.
Economic growth will have been main-
tained; the poor and the rich will both
be richer. And our descendants will not
be forced to exhaust 5o much treasure,
innovation and energy to ward off rising
sea level, hear, hurricanes and drought.

Critically, a planetary consciousness
will have grown. Humanity will have
iearned to address its collective desti-
ny—and to share the planet. L
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Pumping carbon dioxide
undvrground (o avoid
warming the atmosphere is
Jeasible, but only if sceeral

kev challenges can be met

By Robert H. Socolow

hen William Shakespeare

took z breath, 280 molecules

ont of every million entering
his lungs were carbon dioxide. Each
time you draw breath today, 380 mole-
cules per million are carbon dioxide.
That portion climbs about two mole-
cules every year.

No one knows the exact consequenc-
es of this upsurge in the atmosphere’s
carbon dioxide (CO3} concentration nor
the effects that lie ahead as more and
more of the gas enters the air in the com-
ing decades—humankind is running an
uncontrolled experiment on the world.
Scientists know that carbon dioxide is
warming the atmosphere, which in turn
ts causing sea level to rise, and that the
CO; absorbed by the oceans is acidifying
the water. But they are unsure of exactly
how climate could alter across the globe,
how fast sea level might rise, what a more
acidic ocean could mean, which ecolog-
ical systems on land and in the sea would
be most vulnerable to climate change
and how these developraents mighe af-
fect human health and well-being. Our
current course is bringing climate change
upon ourselves faster than we can learn
how severe the changes will be.

1f slowing the rate of carbon dioxide
buildup were easy, the world would be
getting on with the job. If it were impos-
sible, humanity would be working to

STRIPPER TOWERS at an Algerian gas-extraction
facitity deep in the Sahara Desert chemically
‘separate carbon dioxide from natural gas bound
farEuropean markets. The €0z is then pumped
twao kilometers below ground.
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adapt to the consequences. But reality
lies in between. The task can be done
with tools already at hand, albeit not
necessarily casily, inexpensively or with-
out controversy.

Were society to make reducing car-
bon dioxide emissions a priority—as I
think it should to reduce the risks of en-
vironmental havoc in the future—we
would need to pursue several straregies
at once. We would concentrate on using
energy more efficiently and on substitut-
ing noncarbon renewable or nuclear en-
ergy sources for fossil fuel (coal, oil and
natural gas—the primary sources of man-
made atmospheric carbon dioxide). And
we would employ a method that is re-
ceiving increasing attention: capturing
carbon dioxide and storing, or scques-
tering, it underground rather than re-
leasing it into the atmosphere. Nothing
says thar CO2 must be emitted into the
air. The atmosphere has been our prime
waste repository, because discharging
exhaust op through smokestacks, tail-
pipes and chimneys is the simplest and
teast (immediately) costly thing to do.
The good news is that the technology for
capture and storage already exists and
that the obstacles hindering implementa-
tion seem to be surmountable.

Carbon Dioxide Capture

THE COMBUSTION of fossil fuels pro-
duces huge quantities of carbon dioxide.
In principle, equipment could be in-
stalled to capture this gas wherever these
hydrocarbons are burned, but some
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locations are better suited than others.
If you drive a car that gets 30 miles
to the gallon and go 10,000 miles next
year, you will need to buy 330 gallons—
about a ton—of gasoline. Burning that
much gasoline sends around three tons
of carbon dioxide out the tailpipe. Al-
though CO; could conceivably be
caught before leaving the car and re-
turned to the refueling station, no prac~
tical method seems likely to accomplish
this task. On the other hand, it is easier
to envision trapping the CO; output of
a stationary coal-burning power plant.
It is lictle wonder, then, that today’s
capture-and-storage efforts focus on
those power plants, the source of one
quarter of the world’s carbon dioxide
emissions. A new, large (1,000-mega-
watt-genecating) coal-fired power plant
produces six million tons of the gas an-
nually (cquivalent to the emissions of
two million cars). The world’s total oue-
put {roughly equivalent to the produc-
tion of 1,000 large plants) could double
during the next few decades as the U.S.,
China, India and many other countries
construct new power-generating sta-
tions and replace old ones {see llustra-
tion on page S2]. As new coal facilities
come online in the coming quarter of a
century, they could be engineered to fil-
ter out the carbon dioxide that would
otherwise fly up the smokestacks.
Today a power company planaing to
invest in a new coal plant can choose
from two types of power systems, and a
third is under development but not yet

available. All three can be modified for
carbon capture. Traditional coal-fired
steam power plants burn coal fully in
one step in air: the hear that is released
converts water into high-pressure steam,
which turns a steam turbine that gener-
ates electricity. In an unmodified vet-
sion of this system—the workhorse of
the coal power industry for the past cen-
tury—a mixture of exhaust {or flue)
gases exits a rall stack at atmospheric
pressure after having its sulfur removed,
Only about 15 percent of the flue gas is
carbon dioxide; most of the remainder
is nitrogen and water vapor. To adapt
this rechnology for CO; caprure, engi-
neers could replace the smokestack with
an absorption tower, in which the flue
gases would come in contact with drop-
lets of chemicals called amines that se~
lectively absorb CO4. In a second reac-
ton column, known as a stripper tower,
the amine liquid would be heated to re-
lease concentrated CO; and to regener-
ate the chemical absorber.

‘The other available coal power sys-
tem, known as a coal gasification com-
bined-cycle unit, first burns coal partial-
ly in the presence of oxygen in a gasifica-
tion chamber 1o produce a “synthetic”
#as, or syngas—primarily pressurized
hydrogen and carbon monoxide. After
removing sulfur compounds and other
trnpurities, the plant combusts the syngas
inair in a gas turbine—a modified jer en-
gine—to make clectricity. The heatin the
exhaust gases leaving the gas rurbine
turns water into steam, which is piped
into a steam turbine ro generate addition-
al power, and then the gas tarbine ex-
haust flows out the stack. To capture car-
bon from such a facitity, technicians add
steam to the syngas to convert {or “shift”}
most of the carbon monoxide into car-
bon dioxide and hydrogen. The combined
cycle system next filters out the CO; be-
fore burning the remaining gas, now
mostly hydrogen, to generate electricity
in a gas turbine and a steam turbine.

The third coal power approach, called
oxyfuel combustion, would perform all
the burning in oxygen instead of air. One
version would modify single-step com-
bustion by burning coal in oxygen, yield-
ing a fuel gas with no nitrogen, only CO2
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TOTAL = 1,070 {bittions of tons of carbon diexide]

PAST: 17512002
{252 years}

TOTAL = 735

FUTURE {projected): 2003-2030
{28 years}

LIFETIME FOSSHL-FUEL EMISSIONS fram power plants projected to be built during the next quarter
of 3 century will be comparable to all the emissions during the past 250 years. The feft column
shows the cumulative carbon dioxide emissions produced by burning cosl, oil and natural gas far all
uses [including transpertation and building heating) fram 1751 to 2002, whereas that on the right
depicts the lifetime C0; emissions from fossil-fuel power generation plants projected by the
Jnternational Energy Agancy to come online between 2003 and 2030, Coal-fired power plants ars
agsymed to operate for 60 years and gas-fired pawer stations for 40 years.

and water vapor, which are casy to sepa-
rate. A second version would modify the
coal gasification combined-cycle system
by using oxygen, rather than air, at the
gas turbine to burn the carbon monoxide
and hydrogen mixture that has exited the
gasifier. This arrangement skips the shift
reaction and would again produce only
CO, and water vapor. Structural materi-
als do not yet exist, though, that can
withstand the higher temperatures that
are created by combustion in oxygen
rather than in air. Engineers are explor-
ing whether reducing the process tem-
perature by recirculating the combustion
exhaust will provide a way around these
materials constraints.

Tough Decisions

MODIFICATION FOR carbon dioxide
capture not only adds complexity and
expense directly but also cuts the efficien-
cy of extracting energy from the fuel. In
other words, safely securing the carbon
by-products means mining and burning
more coal. These costs may be partially
offset if the plant can filter out gaseous

sulfur simultaneously and store it with
the CO;, thus avoiding some of the con-
siderable expense of sulfur treatment.
Dtility executives want to maximize
profits over the entire life of the plant,
probably 60 years or more, so they must
estimate the expense of complying not
only with today’s environmental rules
but also with future regulations. The
managers know that the extra costs for
CO; caprure are likely to be substan-
tially lower for coal gasification com-
bined-cycle plants than for traditional
plants. Removing carbon dioxide at
high pressures, as occurs in a syngas op-
eration, costs less because smatler equip-
ment can be employed. But they also
know that only a few demonstration
gasification plants are running today, so
that opting for gasification will require
spending extra on backup equipment to
ensure reliability, Hence, if the manage-
ment bets on not having to pay for COz
emissions until late in the life of its new
plant, it will probably choose a tradi-
tional coal plant, although perhaps one
with the potential to be modified fater

ROBERT H. SOCOLOW s professor of mechanicai and acrospace engineering at Princeton
University. He teaches in both the School of Engineering and Applied Science and the
Woodrow Wilson School of Public and internationat Affairs. A physicist by training, So-
colow is currently co-principal investigator {with ecologist Stephen Pacala) of the uni-
versity's Carbon Mitigation Injtiative, supported by BP and Ford, which focuses on global
carbon management, the hydrogen economy and fossil-carbon sequestration. in 2003
he was awarded the Leo Szitard Lectureship Award by the American Physical Society.
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for carbon caprure. If, however, it be-
leves that government directives to cap-
ture CO; are on their way within a de-
cade or so, it may select a coal gasifica-
tion plant.

To get a feel for the economic pres-
sures the extra cost of carbon sequestra-
tion would place on the coal producer,
the power plant operator and the home
owner who consumes the electricity, it
helps to choose a reasonable cost esti-
mate and then gauge the effects, Experts
calculate that the total additional ex-
pense of capturing and storing a ton of
carbon dioxide at a coal gasification
combined-cycle plant will be about $25.
{In fact, it may be twice that much fora
traditional steam plant using today’s
technology. In both cases, it will cost
less when new rechnology is available.)

The coal producer, the power plant
operator and the home owner will per-
ceive that $2.5 cost increase quite differ-
ently. A coal producer would see a charge
of about $60 per ton of coal for captur-
ing and storing the coal’s carbon, rough-
ly tripling the cost of coal delivered to an
clectric utility customer. The owner of a
new coal power plant would face a 50
percent rise in the cost of power the coal
plant puts on the grid, about two cents
per kilowatt-hour (kWh) on top of a base
cost of around four cents per kWh. The
home owner buying only coal-based
electricity, who now pays an average of
abont 10 cents per kWh, would experi-
ence one-fifth higher electricity costs
{provided that the extra two cents per
kWh cost for capture and storage is
passed on without increases in the charg-
es for transmission and distribution).

Firstand Future Steps

RATHER THAN WAITING for thecon-
struction of new coal-fired power plants
to begin carbon dioxide capture and
storage, business leaders are starting the
process at existing facilities that produce
hydrogen for industry or purify natural
gas (methane) for heating and power
generation. These operations currently
generate concentrated streams of CO;.
Industrial hydrogen production process-
es, located at oil refineries and ammonia
plants, remove carbon dioxide from a
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high-pressure mix of COy and hydro-
gen, leaving behind carbon dioxide that
is released skyward. Natural gas purifi-
cation plants must remove CO; because
the methane is heading for a liquefied
natural gas tanker and must be kept free
of cold, solid carhon dioxide {dry ice)
that could clog the system or because the
CO3 concentration is too high {above 3
percent) to be allowed on the narural gas
distribution grid,

Many carbon dioxide capture proj-
cets using these sources are now under
consideration throughout the oil and
gas industry. Hydrogen production and
natural gas purification are the initial
stepping-stones to full-scale carbon cap-
ture at power plants; worldwide about
5 percentas much carbon dioxide is pro-
duced in these two industries as in elec-
tric power generation.

In response to the growing demand
for imported oil to fuel vehicles, some na-
tions, such as China, are turning to coal
to serve as a feedstock for synthetic fuels
that substitute for gasoline and diesel
fuel. From a climate change perspective,
this is a step backward. Burning & coal-
based synthetic fuel rather than gasoline
to drive a set distance releases approxi-
mately double the carbon dioxide, when
one rakes into account both tailpipe and
synfuels plantemissions. In synthetic fu-
els production from coal, only about hatf
the carbon in the coal ends up in che fuel,
and the other half is emitred at the plant.
Engineers could modify the design of a
coal synfuels plant to capture the plant’s
CO; emissions. At some point in the fu-
ture, cars could run on electricity or car-
bon-free hydrogen extracted from
coal at facilities where CO; is captored.

Electricity can also be made from

www.sclam com
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POROSITY OF A GEQLOGIC FORMATION near a carbon dioxide injection welt (thin tubing} at the
Krachba field in the Algerian desert was revealed by two sets of measurements. {Red and yellow

represent high porosity regions of the 20

hick reservoir; blue i

fow parosity

areas.) BP engineers used the coarse mapping of the geologic layers, which was derived from

seismic i

where best to place the well. Adown-hole electric

sensor probe, which gave a finer depiction of perosity {looking fike colored beads], revealed

porosity within afew ofthe weil.

these more accurate readings

to hunt for and steer the drilling apparatus toward regions of high porosity.

biomass fuels, a term for commercial
fuels derived from plant-based materi-
als: agricultural crops and residues, tim-
berand paper industry waste, and fand-
fill gas. Hf the fossit fuels used in harvest-
ing and processing are ignored, the
exchanges between the atmosphere and
the land balance because the quantity of
carbon dioxide released by a traditional
biomass power plant nearly equals that
removed from the atmosphere by photo-
synthesis when the plants grew, But bio-
mass power can do betrer: if carbon
capture equipment were added to these
facilities and the harvested biomass veg-
etation were replanted, the net result
would be to scrub the air of COy. Un-
fortunately, the low efficiency of photo-
synthesis limits the opporcuaity for at-
mospheric scrubbing because of the
need for large land areas to grow the
trees or crops. Future technologies may
change that, however. More efficient
carbon dioxide removal by green plants
and direct capture of COy from the air
{accomplished, for example, by flowing
air over a chemical absorber) may be-
come feasible at some poiat,

Carbon Dioxide Storage

CARBON CAPTURE isjust half the job,
of course. When an electric utility builds
a1,000-megawatt coal plant designed to
trap €O, it needs to have somewhere to
stash securely the six million tons of the
gas the facility will generate every year

COPYRIGHT 2005 SCIENTIFIC AMERICAN, INC.

for its entire life. Rescarchers believe that
the best destinations in most cases will be
underground formations of sedimentary
rock loaded with pores now filled with
brine {salty water). To be suitable, the
sites typically would lie far below any
source of drinking water, at least 800
meters under the surface. At 800 meters,
the ambient pressure is 80 times that of
the atmosphere, high enough that the
pressurized injected COy is in a “super-
critical” phase-~one that is nearly as
dense as the brine it replaces in geologic
formations. Sometimes crude oil or natu-
ral gas will also be found in the brine for-
mations, having invaded the brine mil-
lions of years ago.

The quantities of carbon dioxide
sent belowground can be expressed in
“barrels,” the standard 42-galion unit
of volume employed by the petroleum
industry. Each year at a 1,000-mega-
watt coal plant modified for carbon cap-
ture, about 30 million barrels of super-
critical carbon dioxide would be se-
cured—about 100,000 barrels a day.
Afrer 60 years of operation, about three
billion barrels {half a cubic kilomerer)
would be sequestered below the surface.
An oil field with a capacity to produce
three biltion barrels is six times the size
of the smallest of what the industry calls
“grant™ fields, of which some 500 exist.
This means that each large modified
coal plant would need to be associated
with a “giant” CO; storage reservoir.
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About two thirds of the 1,000 bitlion
barrels of oil the world has produced to
date has come from these giant oil fields,
so the industry already has a good deal
of experience with the scale of the op-
erations needed for carbon storage.
Many of the first sequestration sites
will be those that are established be-
cause they can turn a profit. Among
these are old oil fields into which carbon
dioxide can be injected to boost the pro-
duction of crude. This so-called en-
hanced oil recovery process takes ad-
vantage of the fact that pressurized CO;
is chemically and physically suited to
displacing hard-to-get oil left behind in
the pores of the geologic strata after the
first stages of production. In this pro-
cess, compressors drive CO; into the oil
remaining in the deposits, where chem-
ical reactions result in modified crude il
that moves more easily through the po-
rous rock toward production wells. In
particular, CO; lowers crude oil’s inter-
factal tension—a form of surface tension
that determines the amount of friction
berween the oil and rock. Thus, carbon
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dioxide injects new life into old fields.
In response to British government en-
couragement of carbon dioxide capture
and storage efforts, oil companies are
proposing novel capture projects at natu-
ral gas power plants that are coupled
with enhanced oil recovery ventures at
fields underneath the North Sea. In the
U.S., operators of these kinds of fields
can make money today while paying
about $10 to $20 per ton for carbon di-
oxide delivered to the well, If oil prices
continue to rise, however, the value of in-
jected CO; will probably go up because
its use enables the production of a more
valuable commodity. This market devel-
opment could lead 1o a dramatic expan-
sion of carbon dioxide capture projects.
Carbon sequestration in oil and gas
fields will most likely proceed side by
side with storage in ordinary brine for-
mations, because the latter structures
are far more common. Geologists ex-
pect to find enough natural storage ca-
pacity to accommodate much of the car-
bon dioxide that could be captured from
fossil fuels burned in the 21st cenrory.

Storage Risks

TWO CLASSES of risk must be ad-
dressed for every candidate storage res-
ervoir: gradual and sudden leakage.
Gradual release of carbon dioxide mere-
ly returns some of the greenhouse gas to
the air. Rapid escape of large amouns,
in contrast, could have worse conse-
quences than not storing it at all, For a
storage operation to earn a license, regu-
lators will have to be satisfied that grad-
ual leakage can occur only at a very slow
rate and that sudden leakage is extreme-
ly unlikely.

Although carbon dioxide is usually
harmless, a large, rapid release of the
gas is worrisome because high concen-
trations can kill. Planners are well aware
of the terrible natural disaster that oc-
curred in 1986 atr Lake Nyos in Camer-
oon: carbon dioxide of volcanic origin
slowly sceped into the bottom of the
lake, which sits in a crater. One nightan
abrupt overturning of the lake bed let
loose between 100,000 and 300,000
tons of CO; in a few hours. The gas,
which is heavier than air, flowed down
through twovalleys, asphyxiating 1,700
nearby villagers and thousands of cattle.
Scientists are studying this tragedy to
ensure that no similar man-made event
will ever take place. Regulators of stor-
age permits will want assurance that
leaks cannot migrate to belowground
confined spaces that are vulnerable to
sudden release,

Gradual leaks may pose lictle danger
to life, but they could still defear the cli-
mate goals of sequestration. Therefore,
researchers are examining the condi-
tions likely to result in slow seepage.
Carbon dioxide, which is buoyant in
brine, will rise until it hits an imperme-
able geologic layer {caprock) and can
ascend no farther.

Carbon dioxide in a porous forma-
tion is like hundreds of helium balloons,
and the solid caprock above is like a cir-
custent. A batloon may escape if the tent
has a tear in it or if its surface is tilted to
allow a path for the balloon 1o move
sideways and up. Geologists will have o
search for faults in the caprock that
could allow escape as well as determine
the amount of injection pressure that
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could fracturc it, They will also evaluate
the very slow horizontal fow of the car-
bon dioxide outward from the injection
locations, Often the sedimentary forma-
tions are huge, thin pancakes. If carbon
dioxide is injected near the middle of a
pancake with a slight tilr, it may not
reach the edge for tens of thousands of
years, By then, rescarchers believe, most
of the gas will have dissolved in the brine
or have been trapped in the pores.

Even if the geology is favorable, us-
ing storage formations where there are
old wells may be problemartic. More
than a million wells have been drilted in
Texas, for example, and many of them
were filled with cement and abandoned.
Engineers are worried that COy-taden
brine, which is acidic, could find its way
from an injecrion well to an abandoned
well and thereupon corrode the cement
plug and leak to the surface. To find out,
some researchers are now expasing ce-
ment to brine in the laboratory and sam-
pling old cements from wells. This kind
of faslure is less likely in carbonate for-
mations than in sandstone ones; the for-
mex reduce the destructive potency of
the brine.

The world’s governments must soon
decide how long storage should be main-
tained. Environmental ethics and tradi-
tional economics give different answers,
Following a strict environmental ethic

www.stlam.com

UNBERGROUND STORAGE of carbon dioxide is being performed today at the in Satah gas projectin
the Algerian desert, The rew natural gas produced at this site by BP, Stateil and Sonatrach
cantains too much C0z for commercial use, 50 the excess is removed by chermical absarbers {twe
pairs of stripper tawers at center of plant}, compressed and then injected under pressure into

a brine formation two kilometers below the surface. Subterraneaninjection proceeds at

arate thatis only abeut six times less than what would be required at a 1,080-mapawatt coal
gasification plant fitted for C0; capture and storage.

that secks to minimize the impact of to-
day’s activities on future generations,
authorities might, for instance, refuse to
certify a storage project estimated to re-
tain carbon dioxide for only 200 years.
Guided instead by traditional econom-
ics, they might approve the same project
on the grounds that two centuries from
now a smarter world will have invented
superior carbon disposal technology.

The next few years will be critical

for the development of carbon dioxide
capture-and-storage methods, as poli-
cies evolve that help to make COz-emis-
sion reduction profirable and as licens-
ing of storage sites gets under way. In
copjunction with significant invest-
ments in improved energy efficiency, re-
newable energy sources and, possibly,
nuclear energy, commitments to capture
and storage can reduce the risks of glob-
al warming. -

Capturing Greenhouse Gases. Howard Herzog, Baldur Eliasson and Olav Kaarstad in Scientific
American, Vol. 282, No. 2, pages ?2-79; February 2000.

Prospects for C0; Capture and Starage. International Energy Agency, ECIVIEA, 2004.
Stabilization Wedges: Solving the Climate Probiem for the Next 50 Yesrs with Current
Technologies. 5. Pacala and R. Socalow in Science, Yol 305, pages 968~922; August 13,2004,
Prospects far Carbon Uapture and Storage Technologies. Soren Anderson and Richard Newellin
Annuol Review of Eavironment und Respurces, Vol. 29, pages 109-142,2004.

Carbon Dioxide Capture for Storage in Doep Geotogical Formations—Resuits from the L0,
Capture Project, Twovolumes. Edited by David C. Thomas {Vot. 1] and Safiy M. Bensan (Vol. 2J.

Elsevier, 2003,

Princeton University Carbon Mitigation Initiative: www. princetan.edu/-omi

Intergovernmental Panel on Climate Change (IPCC): www.ipce.ch/index.htmt {Lack for the
“Special Report an Carbon Dioxide Capture and Storage” expected in late 2005.]
Xmernaxmnal Energy Agency [IEA]} Greenhouse Gas R&D Program: www.ieagreen.org.uk/

index.htm!

Office of Fassit Energy, U.5. Department of Energy: www.fe.doe.gov/programs/sequestration/
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Stabilization Wedges: Solving the Climate Problem
for the Next 50 Years with Current Technologies

§. Pacala™ and R. Socolow?*

Humanity already possesses the fundamental scientific, technical, and industrial
know-how to solve the carbon and climate problem for the next half-century. A
portfolio of technologies now exists to meet the world's energy needs over the next
50 years and limit atmospheric CO, to a trajectory that avoids a doubling of the
preindustrial concentration. Every element in this portfolio has passed beyond the
{aboratory bench and demonstration project; many are already implemented some-
where at full industrial scale. Although no element is a credible candidate for doing
the entire job {or even half the job} by itself, the portfolio as a whole is large enough

that not every element has to be used.

The debate in the carrent titerature about stabi-
lizing atmospheric CO, at less than a doubling
of the preindustrial concentration has led to
needless confusion about current options for
mitigation. On one side, the Intergovernmental
Panel on Climate Change ([PCC) has claimed
that “rechnologics that exist in ton or pilot

(BAU) trajectory], the quantitative details of the
stabitization target, and the future behavior of
natural sinks for agmospheric CO, (ie., the
oceans and terrestrial biosphere). We focus ex-
clusively on CO,, because it is the domi

and climate problern over the next half-century”
means to deploy the technologies and/or lifestyle
changes necessary to fill all seven wedges of the
stabilization triangle.

Stabilization at any level requires that net
emissions do not simply remain constant, but
eventually drop to zero. For example, in one
simple model (9) that begins with the stabi-
lization triangle but looks beyond 2054, 500-
ppm stabilization is achieved by 50 years of
flat crnissions, followed by a linear decline of
about two-thirds in the following 50 years,
and a very slow decline thereafter that match-
s the declining ocean sink. To develop the

Luti o+

anthropogenic greenhouse gas; industrial-scale
itigation options also exist for subordinate

stage today” are sufficient to follow a less-than-
doubling trajectory “over the next hundred
years or more™ [(7), p. 81. On the other side, a
recent veview in Science asserts that the TPCC
claim demonstrates “misperceptions of techno-
logical readiness™ and calls for “revolutionary
changes” in mitigation technology, such as fu-
sion, space-based solar electricity, and artificial
photosynthesis {2). We agree that fundamentat
research is vital to develop the revolutionary
mitigation strategies needed in the second half

gases, such as methane and N,O.

Very roughly, stabilization at 500 ppm
requites that emissions be held near the
present fevel of 7 billion tons of carbon per
year (GtClyear) for the next 50 years, cven
though they are currently on course to more
than double (Fig. 1A). The next 50 years is
a sensible horizon from several perspec-
tives. It is the length of a career, the life-
time of a power plant, and an interval for
which the technology is close enough to

of this century and beyond. But it is iy

not to become beguiled by the possibility of
revolutionary technology. Humanity can solve
the carbon and climate problem in the first haif
of this century simply by scaling up what we
already know how to do.

What Do We Mean by "Solving the
Carbon and Climate Problem for the
Next Half-Century”?

Proposals to limit atmospheric CO, 10 a con-
centration that would prevent most damaging
climate change have focused on a goal of
500 . 50 parts per million (ppm), or less than
double the preindustrial ¢ ion of 280

envision. The caleul; behind Fig. 1A
are explained in Section 1 of the supporting
online material (SOM) text. The BAU and
stabilization emissions in Fig. 1A are near
the center of the cloud of variation in the
large published literature (8).

The Stabilization Triangle

We idealize the S0-year emissions reductions
as a perfect triangle in Fig. 1B. Swubilization
is represented by a “flat” wajectory of fossil
fuel cemissions at 7 GtClyear, and BAU is
represented by a straight-lne “ramp” trajec-
tory tising to 14 GtClyear in 2054, The “sta-
bilization triangle,” located between the flat

ppm (3-7). The current concentration is ~375
ppm. The CO, emissions reductions necessary
to achieve any such target depend on the emis-
sions judged likely to occur in the absence of a
focus on carbon [called a business-as-usual
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trajectory and BAU, removes exactly one-
third of BAU emissions.

To keep the focus on technologies that have
the potential to produce a materiat difference by
2054, we divide the stabilization triangle into
seven equal “wedges” A wedge represents an
activity that reduces emissions to the atmosphere
shat starts at zero today and increases linearly
until it accounts for 1 GtClyear of reduced car-
bon erissions in 50 years. It thus represents a
cunmlative total of 25 GtC of reduced emissions
over 50 years. In this paper, to “solve the carbon

4 fogies required for such
large emissions reductions in the second half
of the century, enhanced research and devel-
opment would have to begin immediately.

Policies designed to stabilize at 500 ppm
would inevitably be renegotiated periodically
to take into account the results of research
and development, experience with specific
wedges, and revised estimates of the size of
the stabilization triangie. But not filling the
stabilization triangle wilt put 500-ppm stabi-
lization out of reach. In that same simple
model (9), 50 years of BAU cmissions fol-
lowed by 50 years of a flat trajectory at 14
GtClyear leads to more than a tripling of the
preindustrial concentration.

It is important to understand that each of
the seven wedges represents an effort beyond
what would occur under BAU. Our BAU
simply continucs the 1.5% annual carbon
emissions growth of the past 30 years. This
historic trend in emissions has been accom-
panied by 2% growth in primary energy con-
suraption and 3% growth in gross world
product (GWP) (Section | of SOM texy). If
carbon emissions were to grow 2% per year,
then ~ 10 wedges would be needed instead of
7, and if carbon emissions were to grow at
3% per year, then ~18 wedges would be
required (Section 1 of SOM text). Thus, a
continuation of the historical rate of decar-
bonization of the fuct mix provents the need
for three additional wedges, and ongoing im-
provements in energy efficiency prevent the
need for eight additional wedges. Most read-
ers will reject at least one of the wedges listed
here, believing that the corresponding de-
ployment is certain o occur in BAU, but
readers will disagree about which to reject on
such grounds, On the other hand, owr list of
mitigation options is not exhaustive.
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What Current Options Could Be
Scaled Up to Produce at Least One
Wedge?
Wedges can be achieved from cnergy effi-
ciency, from the decarbonization of the sup-
ply of electricity and fuels (by means of fuel
shifting, carbon capture and storage, nuclear
energy, and renewable energy), and from bi-
ological storage in forests and agricultural
soils. Below, we discuss 15 different exam-
ples of options that are already deployed at an
industrial scale and that could be scaled up
further to produce at Jeast one wedge (sum-
marized in Table 1), Although several op-
tions could be scaled up fto two or more
wedges, we doubt that any could fill the
stabilization triangle, or even half of it, alone.
Because the same BAU carbon emissions
cannot be displaced twice, achieving one
wedge often interacts with achieving another.
The more the electricity system becomes decar-
bonized, for example, the less the available sav-
ings from greater efficiency of electricity use, and
vice versa. Interactions among wedges are dis-
cussed in the SOM text. Also, our focus is not on
costs. In general, the achievement of a wedge will
require some price trajectory for carbon, the de-
tails of which depend on many assumptions, in-
cluding future fuels prices, public acceptance, and
cost reductions by means of learning. Instead, our
analysis is intended to complement the compre-
hensive but complex “integrated assessments™ (7}
of carbon mitigation by letting the full-scale ex-
amples that are already in the marketplace make a
simple case for technological readiness.
Category I Efficiency and Conservation
Improvements in efficiency and conservation
probably offer the greatest potential to pro-
vide wedges. For example, in 2002, the Unit-
cd States announced the goal of decreasing its
carbon intensity (carbon emissions per umit
GDP) by 18% over the next decade, a de-
crease of 1.96% per year. An entire wedge
would be created if the United States were to
reset its carbon intensity goal to a decreasc of
2.11% per year and extend it to 50 years, and if
every country were to follow suit by adding the
same 0.15% per year increment to its own
carbon intensity goal. However, efficiency and
conservation options are Jess tangible than
those from the other categorics. Improvements
in energy cfficiency will come from literally
hundreds of innovations that range from new
catatysts and chemical processes, to more
efficient Jighting and insulation for buildings,
to the growth of the service economy and
telecommuting. Here, we provide four of
many possible comparisons of greater and
less efficiency in 2054, (See references and
details in Section 2 of the SOM text)
Option 1: Improved fuel economy. Sup-
pose that in 2034, 2 billion cars (roughly four
times as many as today) average 10,000 miles
per year (as they do today). One wedge would
be achieved if, instead of averaging 30 miles
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per gallon (mpg) on conventional fuel, cars in
2054 averaged 60 mpg, with fucl type and
distance traveled unchanged.

Option 2. Reduced reliance on cars. A
wedge would also be achieved if the average
fuel economy of the 2 billion 2054 cars were
30 mpg, but the annual distance traveled were
5000 miles instead of 10,000 miles.

Option 3: More efficient buildings. According
to a 1996 study by the IPCC, a wedge is the
difference between pursuing and not pursuing
“kmown and established approaches™ to energy-
cfficient space heating and cooling, water heating,

TOWARD A HYDROGEN ECONOMY -

bon at 2 rate of | GiClyear, a wedge would be
achieved by displacing 400 GW of baseload coal
with bascload gas by 2054, The power shifted to
gas for this wedge is four times as farge as the total
curent gas-basexd power.

Option 6: Storage of carbon captured in
power plants. Carbon capture and storage
{CCS) technology prevents about 90% of the
fossil carbon from reaching the atmosphere,
so a wedge would be provided by the instal-
fation of CCS at 800 GW of baseload coal
plants by 2054 or 1600 GW of baseload
natural gas plants. The most likely approach

lighting, and refriger-

ation in residential
and commercial

buildings. These ap-
proaches reduce mid-

century  emissions
from buildings by
about  one-fourth.

About half of poten-
tial savings are in the
buildings in develop-
ing countries (1),
Option  4: Im-
proved power plant
efficiency. n 2000,
coal power plants,
operating on average
at 32% efficiency,
produced about one-
fourth of all carbon
emissions: 1.7 GiC/
year out of 6.2 G/
year. A wedge would
be created if twice fo-
day's quantity of
coal-based electricity
in 2054 were pro-
duced at 60% instead
of 40% efficiency.
Category II: Decar-
bonization of Elec-
iricity and Fuels
(Sec references and
details in Section 3
of the SOM text)
Option 5: Substi-
nuting natwral gas for
coal. Carbon emis-
sions per unit of elec-
wricity are about half
as large from natural
gas power plants as
from coal plants. As-
sume that the capaci-
ty factor of the aver-
age baseload coal
plant in 2054 has in-
creased to 9% and
that its efficiency has
improved to 50%.
Because 700 GW of
such plants emit car-

Fig. 1. {A) The top curve is a representative BAY emissions path for globat
carbon emissions as CO,, from fossil fuet combustion and cement manufac-
ture: 1.5% per year growth starting from 7.0 GtClyear in 2004. The bottom
curve is a CO, emissions path i wil pheric & bilizati
at 500 ppm by 2125 akin to the Wigley, Richels, and Edmonds Z(WRE) family
of stabilization curves described in {77), modified as described in Section 1 of
the SOM text. The bottom curve assumes ar ocean uptake calculated with the
High-Latitude Exchange Interior Diffusion Advection {HILDA] ocean model
(72} and a constant net land uptake of 0.5 GtC/year {Section 1 of the SOM
text). The area between the two curves represents the avoided carbon
emissions required for stabilization. {B} Idealization of (Aj: A stabilization
triangle of avoided emissions {green} and allowed emissions {blue). The
allowed emissions are fixed at 7 GtC/year beginning in 2004. The stabili-
zation triangle is divided into seven wedges, each of which reaches 1
GtClyear in 2054. With linear growth, the total avoided emissions per
wedge is 25 GtC, and the total area of the stabilization triangle is 175 GtC.
The arrow at the bottom right of the stabilization triangle points down-
ward to emphasize that fossil fuel emissions must decline sub: i
below 7 GtC/year after 2054 to achieve stabilization at 500 ppm.
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has two steps: (i) precombustion capture of
CO,, in which hydrogen and CO, arc pro-
duced and the hydrogen is then burned to
produce electricity, followed by (i) geologic
storage, in which the waste CO, is injected
into subsurface geologic reservoirs. Hydro-
gen production from fossil fuels is already a
very large business. Globally, hydrogen
plants consume about 2% of primary cnergy
and emit 0.1 GiClyear of CO,. The capture
part of a wedge of CCS electricity would thus
requite only a tenfold expansion of plants
resembling today’s farge hydrogen plants
over the next 50 years.

The scale of the storage part of this wedge
can be expressed as a multipie of the scale of

970
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current enhanced oil recovery, or current season-
al storage of natural gas, or the first geological
storage demonstration project. Today, about 0.0
GtClyear of carbon as CO, is injected into geo-
logic reservoirs to spur enhanced oil recovery, so
a wedge of geologic storage requires that CO,
injection be scaled up by a factor of 100 over the
next 5O years. To smooth out scasonal demand
in the United States, the natural gas industry
annually draws roughly 4000 billion standard
cubic feet (Bsef) into and out of geologic
storage. and a carbon flow of | GiClyear
{whether as methane or CO,) is a flow of
69,000 Bscflyear (190 Bscf per day), se a
wedge would be a flow to storage 15 and 20
times as large as the current flow. Norway’s

Sleipner project in the North Sea strips CO,
from natural gas offshore and reinjects 0.3
million tons of carbon a year (MtC/ycar) into
a non-fossil-fuel-bearing formation, so a wedge
would be 3500 Sleipner-sized projects (or few-
er, larger projects) over the next 50 years.

A worldwide effort is under way to assess
the capacity available for multicentury stor
age and to assess risks of Jeaks large enough
to end human or envi 1 health.

Option 7: Storage of carbon captured in
hvdrogen plants. The hydrogen resulting from
precombustion capture of CO, can be sent off-
site to displace the consumption of convention-
al fuels rather than being consumed onsite to
produce electricity, The capture part of a wedge
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would require the installation of CCS, by 2054,
at coal plants producing 250 MtH, /year, or at
natural gas plants producing 560 MtH,/year.
The former is six times the current rate of
hydrogen production. The storage part of this
option is the same as in Option 6.

Option 8: Storage of carbon captured in
synfitels plants. Looming over carbon manage-
ment in 2054 is the possibility of large-scale
production of synthetic fuel (synfuel) from coal.
Carbon emissions, however, need not exceed
those associated with fuel refined from crude
ail if synfuels production is accompanied by
CCS. Assuming that half of the carbon entering
a 2054 synfucts plant leaves as fuel but the
other half can be captured as CO,, the capture
part of a wedge in 2054 would be the difference
between capturing and venting the CO, from
coal synfuels plants producing 30 million bar-
rels of synfucls per day. {The flow of carbon in
24 million barrels per day of crude oil is 1
GtClyear; we assume the same value for the
flow in synfuels and allow for imperfect
capture.) Currently, the Sasol plants in
South Africa, the world’s largest synfuels
facility, produce {65,000 barrels per day
from coal. Thus, 2 wedge requires 200
Sasol-scale coal-to-synfuels facilities with
CCS in 2054. The storage part of this op-
tion is again the same as in Option 6.

Option 9: Nuclear fission. On the basis of
the Option $ cstimatcs, a wedge of nuclear
electricity would displace 700 GW of effi-
cient baseload coal capacity in 2054. This
would require 700 GW of nuclear power with
the same 90% capacity factor assumed for the
coal plants, or about twice the nuclear capac-
ity currently depleyed. The global pace of
nuclear power plant construction from 1975
to 1990 would yield a wedge, if it contin-
ued for 50 years (70). Substantial expan-
sion in nuclear power requires restoration
of public confidence in safety and waste
disposal, and international security agree-
ments governing uranium enrichment and
phatonium recycling.

Option 10: Wind electricity. We account
for the mtermittent output of windmills by
equating 3 GW of nominal peak capacity (3
GW_) with 1 GW of bascload capacity. Thus,
a wedge of wind electricity would require the
deployment of 2000 GW,_ that displaces coal
electricity in 2054 (or 2 million 1-MW_wind
turbines). Installed wind capacity has been
growing at about 30% per year for more than
10 years and is currently about 40 GW_. A
wedge of wind clectricity would thus require
50 times today’s deployment. The wind tur-
bines would “occupy” about 30 million hect-
ares (about 3% of the area of the United
States), some on fand and some offshore.
Because windmills are widely spaced, land
with windmills can have multiple uses.

Option 11: Photovoltaic electricity. Sim-
Har to a2 wedge of wind electricity, a wedge
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from photovoltaic (PV) electricity would re-
quire 2006 GW_ of installed capacity that
displaces coal clectricity in 2054, Although
only 3 GW_ of PV are currently installed, PV
electricity has been growing at a rate of 30%
per year. A wedge of PV electricity would
require 700 times today’s deployment, and
about 2 million hectares of fand in 2054, or 2
to 3 m? per person.

Option 12; Renewable hvdrogen. Re-
newable electricity can produce carbon-
free hydrogen for vehicle fuel by the elec-
trolysis of water. The hydrogen produced
by 4 million I-MW_ windmills in 2054, if
used in high-cfficiency fuel-cell cars,
would achicve a wedge of displaced gaso-
line or diesel fuel. Compared with Option
10, this is twice as many |-MW_ windmills
as would be required to produce the elec-
tricity that achicves a wedge by displacing
high-cfficiency bascload coal, This inter-
esting factor-of-two carbon-saving advan-
tage of wind-electricity over wind-hydro-
gen is still larger if the coal plant is less
efficient or the fuelcell vehicle is less
spectacular.

Option 13: Biofuels. Fossil-carbon fuels can
also be replaced by biofuels such ag ethanol. A
wedge of hiofuel would be achieved by the
production of about 34 million barrels per day
of ethanol in 2054 that could displace gasoline,
provided the ethanol itself were fossil-carbon
free. This ethanol production ratc would be
about 50 times larger than today’s giobal pro-
duction rate, almost all of which can be attrib-
uted to Brazilian sugarcane and United States
com. An ethanol wedge would require 250
million hectares i 10 high-yield (15
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be created by reforesting or afforesting ap-
proximately 250 million hectares in the
tropics or 400 million hectares in the tem-
perate zone (current areas of tropical and
temperate forests are 1500 and 700 million
hectares, respectively). A third half-wedge
would be created by establishing approxi-
mately 300 million hectares of plantations
on nonforested land.

Option 15: Agricultural soils manage-
ment. When forest or natural grassiand is con-
verted to cropland, up to one-half of the soil
carbon is lost, primarily because annual tilling
increases the rate of decomposition by aerating
undecomposed organic matter, About 55 GtC,
or two wedges” worth, has been lost historically
in this way. Practices such as conservation till-
age {e.g., seeds are drilled into the soil without
plowing), the use of cover crops, and erosion
control can reverse the losses. By 1995, conser-
vation tillage practices had been adopted on 110
million hectares of the world’s 1600 million
hectares of cropland. If conservation tillage
coutd be extended to all cropland, accom-
panied by a verification program that en-
forces the adoption of soil conservatien
practices that actually work as advertised, a
good case could be made for the IPCC’s
estimate that an additional half to one
wedge could be stored in this way.

Conclusions

In confronting the problem of greenhouse
warming, the choice today is between action
and delay. Here, we presented a part of the
case for action by identifying a sct of options
that have the capacity to provide the seven

dry tons/hectare) plantations by 2054, an area
equal to about one-sixth of the world’s crop-
land. An even larger area would be required to
the extent that the biofuels require fossil-carbon
inputs. Because land suitable for annually har-
vested biofuels crops is also often suitable for
<o i jeul biofuels producti
could compromise agricultural productivity.
Category IIT: Natural Sinks

Although the literature on biological seques-
tration includes a diverse array of options and
some very large estimates of the global po-
tential, here we restrict our attention to the
pair of options that are already implemented
at large scale and that could be scaled up to
a wedge or more without a lot of new
research. (See Section 4 of the SOM text
for references and details.)

Option 14: Forest management. Conserva-
tive assumptions lead to the conclusion that at
feast one wedge would be available from re-
duced tropical deforestation and the manage-
ment of temperate and tropical forests. At feast
one half-wedge would be created if the current
rate of clear-cutting of primary tropical forest
were reduced to zero over 50 years instead of
being halved. A second half-wedge would
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wedges and solve the climate
problem for the next half-century. None of
the options is a pipe dream or an unproven
idea. Today, one can buy electricity from a
wind turbine, PV array, gas turbine, or nucle-
ar power plant. One can buy hydregen pro-
duced with the chemistry of carbon capture,
biofuel to power onc’s car, and hundreds of
devices that improve cnergy efficiency. One
can visit tropical forests where clear-cutting
has ceased, farms practicing conservation till-
age, and facilities that inject carbon into geo-
logic reservoirs, Every one of these options is
already implemented at an industrial scalc
and could be scaled up further over 50 years
to provide at least one wedge.
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SUPPORTING ON-LINE MATERIAL

SECTION 1. EMISSIONS TRAJECTORIES FOR BUSINESS AS USUAL AND
STABILIZATION BELOW DOUBLING

The Stabilization Triangle is bounded on two sides by a “ramp” scenario and a “flat” scenario,
each departing from the present world. The ramp scenario is intended to be an abstraction of
carbon emissions for Business As Usual (BAU), and the flat scenario is intended to be an
abstraction of stabilization below doubling. In this section, we discuss each in turn.

Carbon Emissions for Business As Usual and the “Ramp” Scenario

Our Business As Usual (BAU) carbon emissions (or, equivalently, CO, emissions) simply
continue to grow for the next fifty years with the 1.5%/y average growth rate of the past three
decades. The corresponding emissions path, shown in Fig. S1(A), starts at 7.0 GtC/y in 2004
and rises at 1.53%/y to 15.0 GtCly in 2054. A carbon emissions trajectory that increases linearly
with the same cumulative emissions (525 GtC) rises to 14.0 GtC/y in 2054. This linear-increase
scenario, or “ramp” scenario, conceptually easier to work with, is our BAU emissions scenario in
all subsequent sections of the Supporting On-Line Material.

Looking backward, according to the International Energy Agency (IEA), carbon emissions rose
51% from 1973 to 2001 or 1.5%/y (S1). According to the Energy Information Agency of the
U.S. Department of Energy (EIA), emissions growth averaged 1.6%/y from 1970-2001, 1.3%/y
from 1980-2001, and 1.0%/y from 1990-2001 (1.5%/y if the former Soviet Union is omitted)
(82). The IPCC (S3) reports that emissions averaged 5.4 GtCly in the 1980s and 6.3 GtC/y in
the 1990s, which works out to an average increase of 1.5%/y. Finally, the BP statistical review
(S4) reports 1.0%/y growth during the 1990s, but 1.6%/y if China and the former Soviet Union
are omitted.

A growth in carbon emissions of 1.5%/y is bracketed by the emissions forecasts of the
International Energy Agency and U.S. Department of Energy, and it is similar to the mean and
median of the 40 IPCC SRES future emissions scenarios over the next fifty years (S§1-S5). The
IEA predicts 1.3%/y growth in carbon emissions through 2030 (S1). The EIA predicts 1.9%/y
growth through 2025 (§2). The IPCC (S5) has compiled a set of 40 future emissions scenarios
called the SRES scenarios. The mean and median 2054 emissions for the SRES scenarios are
both approximately 15 GtC/y, with half the scenarios between 12 and 18 GtC/y. With 2004
emissions in these scenarios at approximately 7 GtCly, the average 50-year growth rate for
carbon emissions works out to 1.5%/y for the mean and median of the scenarios, and 1.1%/y -
1.9%/y for the range covered by the central 20 scenarios.

Assuming a carbon emissions growth of 1.5%/y over the period 2004-2054, cumulative
emissions are 525 GtCly for the 50 years. For growth rates of 1.2%/y and 1.8%/y, 2004-2054
cumulative emissions are smaller and larger by about 50 GtC, or approximately 2 wedges.

Primary Energy Consumption and Gross World Product

The approach taken in this paper’s analysis is to specify as little as possible of BAU and to
concentrate on the activities (“wedges”) required to alter emissions dramatically, whatever the
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details of a full-blown BAU. Specifically, we do not need to specify the BAU growth rates of
primary energy or gross world product. The many self-consistent, highly disaggregated analyses
of BAU primary energy and BAU gross world product are nonetheless useful, because they
provide insight into the level of conservation and energy decarbonization likely to be undertaken
over the next 50 years, even in the absence of a specific concern for carbon emissions.

The EIA, IEA and BP report the following historical annual growth rates of primary energy
consumption:

EIA (S2): 1.9% for 1970-2001, with 3.2% during the 70s, 2.0% during the 80"s and
1.4% during the 90’s.

IEA (S1): 1.9% for 1973-2001.
BP (84): 1.5% for 1977-2002, with 2.0% during the 80’s and 1.2% during the 90’s.

The EIA predicts 1.9%/y growth in primary energy through 2020 (S2). This is the same as the
predicted growth rate in carbon emissions. Thus, the EIA is predicting a departure from the
historic decarbonization of the energy system that, in recent years, has resulted from larger
market shares for natural gas and nuclear power. For the past 100 years, each decade has seen a
fall in the carbon intensity of the energy system, with annual emissions growth, on average, 0.3~
0.5% slower than annual energy growth (S5).

The IEA predicts 1.8%/y growth in primary energy through 2020. This prediction is from their
2002 assessment; the most recent IEA handbook predicts 1.6%/y growth in the primary energy
through 2030 (S1). The median annual growth rate of primary energy from the 40 SRES

scenarios is 1.8% from 2004 to 2054, while the 25% and 75% bounds are 1.2% and 2.0% (S5).

Gross World Product grew at 3.1%/y from 1970 to 2001. The EIA predicts 3.1%/y growth
through 2025 (S2), and the IPCC predicts approximately 3% /y growth for the next half century
(S5). The SRES are divided into four “families” labeled A1, A2, Bl and B2. From 1990 to
2050, the ranges of predicted annual percent growth rates for the scenarios in each family are,
respectively: 2.9-3.7, 1.7-2.3, 2.9-3.5, and 2.1-2.9.

Carbon Emissions for Stabilization Below Doubling and the “Flat” Scenario.

The “flat” emissions scenario, constant emissions at 7 GtCly for 50 years, is presented for
simplification of discussion in the body of the paper as a representative emissions scenario for
stabilization below doubling of the pre-industrial concentration of 280 ppm. Here, we relate the
“flat” trajectory to traditional analysis of the connection of emissions and concentrations. This
analysis requires, first of all, models of the future net land sink and future ocean sink and an
understanding of current uncertainty about these sinks.
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The Net Land Sink

Terrestrial ecosystems were a net sink of 0.2+0.7 GtC/y during the 1980°s and 1.3+0.8 GtC/y
during the 1990’s (S6, as modified by S7), or 0.7+1.1 GtC/y over the combined period'. Our
BAU scenario for land use is simply that the net terrestrial sink will continue at 0.5 GtCl/y for the
next fifty years, or at approximately the level of the last 20 years. The terrestrial biosphere thus
supplies one wedge of reduced net emissions to the atmosphere in the BAU scenario.

Estimates of the net terrestrial flux are best constrained by the more certain estimates of fossil
emissions, atmospheric inventory and oceanic uptake (fossil emissions minus atmospheric
increase minus oceanic uptake). The sink is partially the result of land use change in the
temperate zone that causes a sink of ~1.5 GtC/y, roughly half of which is due to forest regrowth
and management (S8, S9, S10). This sink is offset by a tropical source, due to deforestation,

The size of the deforestation sink is controversial. Houghton (S10 and references therein) uses
FAO data and a model of the effect of land use on terrestrial carbon fluxes to estimate a tropical
source of 2.0+0.8 GtCly in the 1980°s and 2.240.8 GtC/y in the 1990’s, or 2.1+1.1 GtCly over
the combined period. However, Houghton’s model does not reproduce the relatively well-
constrained values for U.S. forests from the U.S. Forest Service Inventory (S8, S10). Two recent
satellite surveys put the tropical source at 0.9+0.5 GtC/y and 1.3 GtCly in the 1990’s (S11, S12,
as modified by Houghton in S10).

If Houghton’s estimate of a tropical source of 2.1 GtCly were correct, then there would be a
“missing” carbon sink of approximately 1.3 GtCl/y. (The tropical source of 2.1 GtC/y minus the
temperate sink of 1.5 GtCly gives a net source of 0.6 GtCly, whereas the average net terrestrial
flux in the 1980s and 1990s was actually a sink of 0.7 GtC/y.) A missing sink this large is
usually explained, as in the models of the IPCC Third Assessment, by CO, fertilization of the
terrestrial biosphere (S6). In contrast, if the S11 satellite survey is correct and also applies to the
1980s, then temperate land use minus tropical deforestation yields a net sink of 0.4 GtC/y, which
is within 0.3 GtCly of the actual net terrestrial flux over the last 20 years. Thus, if the S12
estimate is correct, then both the missing sink and the effect of CO, fertilization must be small.
The difference between the tropical deforestation estimates in (S10) and (S12) is important for
our purposes here, because it implies two different futures for the terrestrial sink. A sink caused
by CO; fertilization will increase in the future as CO; builds up in the atmosphere, whereas a
sink caused solely by recovery from past land use will diminish as the affected ecosystems
approach full recovery (S13).

How big is this difference? The six global vegetation models included in the carbon cycle
chapter of the IPCC Third Assessment (86) provide a guide. These models were run with an
emissions scenario very similar to our BAU scenario of 1.5% fossil emissions growth, and they
included climate-induced carbon cycle feedbacks. Their mean prediction was for a sink of 1,7
GtCly in 2000 that rose to 4.5 GtC/y in 2050. Using the same proportional change over fifty
years , the CO; fertilization sink of 1.3 GtCly implied by Houghton’s deforestation estimate
would grow to 3.4 GtC/y by 2054 and produce a total of ~5 wedges’ worth of carbon sink. In
contrast, we can expect the temperate land-use sink to decay over time with a time constant of
roughly 100 years (§13). Thus, the ~1.5 GtC/y temperate land use sink should diminish to ~0.9
in fifty years, producing a cumulative sink of 58 GtC over the period, or roughly 2 wedges.

! Ranges preceded by + are plus or minus one standard deviation.

5
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Putting all this together, Houghton’s large tropical deforestation estimate implies a total
terrestrial sink of ~7 wedges over the next 50 years, whereas the smaller estimate in (S12)
implies a sink of ~2 wedges. Evidence continues to accumulate that the models of CO,
fertilization in (S6) drastically overstate the likely benefits of CO, fertilization (see for example
S14, S15 and the discussion in S10). For this reason, we adopt the conservative course of
accepting the estimate of ~1 GtC/y for the current tropical deforestation source, and that the
terrestrial sink will provide only 2 wedges’ worth of benefits over the next half century.

To complete the BAU scenario for terrestrial ecosystems, we must specify a 50-year future for
tropical deforestation. The 40 SRES scenarios (S5) are of some use here, because most predict
diminished deforestation. The land use fluxes in the SRES scenarios are normalized at a source
of 1 GtCly in 2000 (tropical deforestation plus temperate sink), and they thus imply a “missing”
sink of ~1.7 GtC/y (because the average net terrestrial flux in the period 1980-1999 was a sink of
0.7 GtCly). The 1 GtC/y net source from land use in the scenarios diminishes to a mean of 0.5
GtCly in 2054 with a range for the central 50% of scenarios of 0.0-0.9 GtCly, and a full range for
all 40 scenarios of ~0.7 GtCly to +1.2 GtC/y. Thus, nearly all predict a decrease in tropical
deforestation.

Together, the decreased tropical deforestation predicted by the SRES scenarios and our
prediction of a decreasing temperate land-use sink and no CO; fertilization, provide a simple
rationale for our BAU scenario. Again, we propose a BAU land sink that for 50 years is constant
at 0.5 GtC/y, approximately the average net terrestrial flux in the 1980°s and 1990°s of 0.7
GtC/y, Our BAU land sink thus provides one wedge. Note that this is consistent with the
philosophy of simple extrapolation of current trends that was used for fossil emissions, energy
and GDP. It is also consistent with a tropical source and a temperate sink that both diminish by
~0.5 GtC/y over 50 years, or with an infinite number of other combinations of trajectories for
tropical deforestation, temperate land use and the missing sink that add up to a net sink of one
wedge.

At the same time, it is important to keep in mind how uncertain our BAU land vse sink is. If the
mean of the SRES land use scenarios and the mean of the IPCC Third Assessment terrestrial
ecosystem models were correct, then the terrestrial biosphere would supply a net sink totaling
almost five wedges. In contrast, if Houghton’s estimate were correct for tropical deforestation
and were to persist, if the missing sink were suddenly to disappear, and if the temperate land use
sink were to decay away as in our BAU scenario, then the terrestrial biosphere would be a net
source of two wedges.

The Ocean Sink

Carbon uptake by the oceans is much better constrained by observations than uptake by the land.
From 1980-2000, the oceans were a net sink of 1.94+0.7 GtC/y (S16). Predictions of ocean
models also exhibit relatively high consistency. For example, (S6) used seven ocean models to
predict carbon uptake under fossil fuel emissions very similar to those in our BAU scenario of
1.5% growth, and observed a range of +0.5 GtC/y in 2000 and +0.8 GtC/y in 2050.

Here, we use the HILDA ocean model to calculate the ocean sink. HILDA, a multi-box ocean
model (S17), calibrated with measurements of natural and bomb-produced 1C0,, has been
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shown to predict carbon uptake over time scales of a century or less with the accuracy of a
general circulation model (S18). The mean ocean uptake from 1980-1999 calculated using
HILDA is 2.4 GtC/y, within the uncertainty of the observations. Following the WRES00
atmospheric concentration scenario (see below), HILDA predicts an ocean uptake of 2.82 GtC/y
in 2004, rising to 3.92 GtCly in 2054, with a cumulative uptake of 180 GtC. Accepting the stated
uncertainty in the observations (approximately £40%) as our estimate for future uncertainty in
ocean uptake, we obtain £72 GtC in 50 years, or £3 wedges. An additional wedge is at stake in
the difference between the 1980-1999 observed uptake of 1.9 GtC/y and HILDA’s 2.4 GtCly
calculation (0.5 GtC/y x 50 years), giving an overall uncertainty of approximately 143 wedges.

Future changes in ocean CO; uptake due to climate change feedbacks are also uncertain. In the
first half of the century, they are dominated by reduced CO, solubility and increased
stratification that result from warming of the surface ocean. Ocean models predict a reduction in
cumulative ocean uptake between 1990 and 2050 of 6 to 25% (S3). The HILDA model does not
include any climate-driven feedback effects; therefore, based on the estimated range stated
above, it could overestimate ocean uptake by between 10 and 45 GtC, or approximately 1£1
wedges.

Assuming these two sources of uncertainty are independent, the ocean sink may be weaker than
we have estimated by 243 wedges.

Construction of Stabilization Emissions Scenarios

To locate the “flat” emissions scenario of the Stabilization Triangle among traditional emissions
scenarios for stabilization below doubling, we consider six stabilization emissions scenarios and
their corresponding stabilization concentration trajectories (S19). The six emissions scenarios are
shown in Fig. S1(A), and the corresponding concentration trajectories are shown in Fig. S1(B).

We consider three stabilization targets: 450, 500 and 550 ppm. For each target, we construct a
pair of concentration trajectories, one leading to a “delayed reduction” scenario and one leading
to an “early reduction” scenario. The delayed reduction scenarios have higher emissions in the
first decades and lower emissions later, relative to the early reduction scenarios with which they
are paired. The increase in effort required by early action in the first fifty years translates into a
more permissive emissions schedule later. Such trade-offs must, of course, be analyzed in a full
economic framework to assess costs and benefits properly.

Each fossil fuel emissions scenario in Fig. S1(A) is the sum of 1) the rate of increase in
atmospheric carbon, 2) the net land sink, and 3) the ocean sink. The rate of increase in
atmospheric carbon is the derivative of the corresponding concentration trajectory. The net land
sink is assumed to be constant at 0.5 GtC/y. The ocean sink is found from the HILDA model.

The delayed reduction scenarios are similar to the “WRE” scenarios (520, S21) used in the IPCC
Third Assessment (S3), which depart from Business As Usual emissions between 2005 and
2010. But our concentration trajectories have been updated to reflect recent atmospheric CO;
growth. In addition, the specified atmospheric concentration in 2050 has been lowered by 5 ppm
(for the 450 ppm scenario) or 10 ppm (for the 500 and 550 ppm scenarios) in order that future
emissions do not exceed those of the Business As Usual scenario.
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The early reduction scenarios are similar to the “S” series scenarios used in the IPCC Second
Assessment (822), which departed from historical emissions in 1990. These have been updated
to follow historical and Business As Usual emissions through 2004. The 2004-2054 average
emissions from these scenarios differ from those which depart from BAU in 1990 by less than
2%.

The “flat” emissions scenario, measured by 2004-2054 cumulative emissions, is bracketed by the
450 ppm and 500 ppm delayed reduction scenarios and also by the 500 ppm and 550 ppm early
reduction scenarios.

How different are the six emissions scenarios from one another? We measure these differences
by the difference in the size of the corresponding 50-year stabilization triangle. These triangles
are bounded by our BAU emissions scenario and the particular stabilization emissions scenario,
for 2004-2054. Since a “wedge” is 25 GtC, the size of such a triangle can be expressed
alternatively as a number of 25 GtC “wedges.” The sizes of the six emissions scenario triangles,
in GtC and “wedges,” are given in Table S1.

From Table S1, we see that the 500 ppm delayed reduction scenario requires two more wedges
than the 550 ppm delayed reduction scenario, but the 500 ppm early reduction scenario requires
only one more wedge than the 550 ppm early reduction scenario. This is a reflection of the
greater divergence of the delayed emissions scenarios than the early reduction emissions
scenarios seen in Fig. S1(A). Furthermore, the early reduction scenarios require 1-3 more
wedges, relative to the delayed reduction scenarios, for the same stabilization level.

In the period 2054-2104, the average rate of decline in CO; emissions is steeper in all six
scenarios, relative to 2004-2054. As Fig. S1(A) shows, the maximum rate of decline in 2054-
2104 in the early reduction scenarios is significantly smaller, and occurs later, than in the
delayed reduction scenarios.

Eventually, to achieve stabilization of the atmospheric concentration, the rate of emissions falls
to a rate equal to the total net uptake rate of CO; by the ocean and land, so that there is no further
atmospheric build-up. In Table S2, the time when this happens is called the “Stabilization Year.”
For stabilization below doubling, we see that atmospheric build-up ends in the first half of the
22™ century.
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SECTION 2. CONSERVATION AND EFFICIENCY
The Carbon Intensity of the Economy

Economy-wide (societal, macroeconomic) energy efficiency is measured by the energy intensity
of the economy — the ratio of global primary energy production to gross global economic
product. Today’s roughly 350 EJ/y throughput of fossil energy and 35 trillion dollar per year
global economy result in a global fossil energy intensity of approximately 10 MJ (fossil)/$. The
full “energy intensity” includes non-fossil energy, approximately 15 to 25% of the total; the
amount of non-fossil energy cited varies from reference to reference, depending on whether non-
commercial energy (firewood, charcoal, dung) is included and depending on conventions about
hydropower (S23, S24).

From a carbon perspective, the carbon intensity of the econormy — the ratic of atmospheric carbon
emissions to gross global economic product — is the crucial ratio. The global value today,
roughly 7 GtC/y divided by $35T/y, is about 200 gC/$. The economy is decarbonizing at the
same time as it is becoming more energy efficient, as discussed in Section 1 of the Supporting
On-Line Material.

The Bush administration has chosen to frame the U.S. contribution to mitigating climate change
in terms of national carbon efficiency (carbon emissions per unit GNP). Specifically, the goal is
to reduce national carbon intensity by 18% over the next decade, or 1.96%/y. Continuing this
pace for 50 years would reduce the U.S. carbon intensity by 62.9%. Following a faster pace of
decline for 50 years, namely declining 2.11% per year, would reduce U.S. carbon intensity by
19.2% in ten years and 65.6% in 50 years. The U.S. carbon emissions would be reduced an
additional one part in 14 from this toughening of the goal by 0.15%/y and staying the course for
50 years. It turns out that toughening any such goal by the same increment, 0.15%/y, and staying
the course for 50 years, will result in reduction of carbon emissions by one part in 14. Thus, if
every country were to toughen whatever target it started with by 0.15% per year, the result would
be carbon emissions down by 1/14, which is a wedge (1 GtC/y) relative to a BAU of 14 GtCly

An economy-wide focus on carbon intensity helps to remind us that reduced carbon intensity is
achieved not only by more efficient devices. An economy decarbonizes when less carbon-
intensive sectors grow more rapidly than more carbon-intensive sectors. The faster growth of
services than primary materials in advanced industrial societies is an example.

In our BAU emissions scenario, carbon emissions grow 1.5%/y and double in 50 years. If, as
well, the economy were to grow at 3%/y, then, in 50 years, the economy would quadruple, and
its carbon intensity would fall to half its original value. Some complex combination of structural

? If the Bush targets are continued for 50 years, U.S. carbon emissions after 50 years are 37.1% of what they would
have been had there been no change in carbon intensity. With the tougher target, 0.15%/y more stringent, they are
34.4% of what they would have been had there been no change in carbon intensity, which is almost exactly 13/14 of
what they would have been with the more lenient target. (Compare 0.344/0.371 = 0.927, with 13/14 =0.929.) So,
U.S. 2054 carbon emissions with the tougher target would be reduced by one part in 14. The absolute toughening of
any carbon intensity goal by 0.15%/y will always produce a level of carbon consumption that is down by one part in
14, as long as the original goal is not more than a few percent per year. This is because the fraction which, raised to
the 50% power, gives 13/14 is 0.9985; multiplying a number close to 1.00 by 0.9985 will give the same number
minus 0.0015.
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changes and improved efficiency in specific devices would have brought this about. No one can
foresee exactly how and where in the economy improvements in carbon intensity will be
achieved, and, therefore, where further improvements are and are not available. The best we can
do is to admit for consideration a/f the major opportunities for improved energy efficiency, and
to acknowledge that an unknowable subset of these opportunities are wedges.

Wedges from Specific Carbon-Emitting Activities

A complementary perspective on reducing carbon emissions is provided by examining where
fossil-fuel carbon enters the atmosphere, as opposed to where it comes out of the ground.
Analyses of global emissions from this perspective are very difficult to do, because national data
are usually not organized in these categories. One comprehensive review from this perspective is
available, performed by Working Group I1I (Mitigation) of the Intergovernmental Panel on
Climate Change (S25). Of a total of 5.5 GtC/y emissions in 1993, this report associates 1.73
GtCly with buildings (31.5%); 1.21 GtC/y with transport (22.1%); 2.34 GtC/y with industrial
uses (42.5%); and 0.22 GtC/y with agricultural uses (3.9%) (S25, Table $3)°.

Here, instead, we choose five categories, combining industry and agriculture and splitting out
two categories to describe carbon emissions associated with energy production, distribution, and
conversion.

1. Sites involved in bringing fossil fuels to users, including sites of extraction,
distribution, and refining.

2. Electric power plants.

3. Vehicles.

4. Buildings.

5. Direct use of fuel at the factory and farm.

Upstream carbon overheads The first category of sites are the sites where upstream “carbon
overheads” are incurred, for all energy sources. The carbon overheads of fossil fuels are incurred
at sites such as wells and mines; tankers, pipelines, and railroads; refineries; trucks delivering
fuel oil and gasoline; and compressors of propane and LPG. The carbon overheads of other
energy sources are incurred at sites such as uranium isotope enrichment plants and factories
making fertilizer for the fields where biofuel is grown. A portion of this overhead is called
“transformation, own use, and losses” in IEA accounts. (824, p. 410. See also Table S4 in
Section 3, Energy Supply, of the Supporting On-Line Material). For the sake of argument, we
imagine that in 2054, carbon emissions associated with production, upgrading, refining, and
distributing energy are 2 GtC/y under BAU (an overhead rate of 2/12, or 17%). In 2054, oil will
be extracted from what we today call non-conventional sources (tarsands, shales), a much larger
fraction of gas will be transported by LNG, some coal will be converted to liquid fuels, and as a
reflection of greater world trade the average distance between extraction and use of fuel will
grow. All of these developments of the energy system will increase carbon overheads. Because
our BAU is a world oblivious to carbon concerns, we assume that it does not deploy substantial
amounts of carbon capture and storage, which would raise overheads even more.

% A different but similar disaggregation among final users, for 2000, from the International Energy Agency’s World
Energy Assessment 2002 (S24) is presented in the Supporting On-Line Material, Section 3.
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Thus, in our BAU, of the 14 GtC/y in 2054, 2 GtCly is emitted during production and delivery,
and 12 GtCly is emitted at the points of use (specifically including power plants). Halving this
overhead to 1 GtC/y achieves a wedge. Targets of recent attention in this category include flaring
and venting at oil fields, the CO; present in natural gas as an impurity, and methane emissions
from coal fields. The management of carbon emissions in this category is usually presumed to be
the responsibility of the fossil fuel industries themselves.

Electric power plants Emissions from power plants can be reduced both by changing the fuel
and by converting the fuel to electricity more efficiently at the power plant. We treat more
efficient conversion here, and changing the fuel in Section 3 of the Supporting On-Line Material.
More efficient conversion results at the plant level, for example, from better turbines, from high-
temperature fuel cells, and from combining fuel cells and turbines. At the system level, more
efficient conversion results from load leveling, from cogeneration (the co-production of
clectricity and useful heat), and from polygeneration (the co-production of chemicals and
electricity).

Restricting the discussion here to 2054 coal power plants, we choose a reference baseload coal
plant that operates at 50% lower-heating value efficiency, and hence emits 25.80 kgC for each
one-half GJ of output electricity. 1 kWh is 3.6 MJ, so the carbon intensity of electricity from
such plants is 186 gC/kWh.

To develop a wedge from the efficiency of coal power, we note that 40% and 60% efficient coal
plants have carbon intensities of 232 gC/kWh and 155 gC/kWh, respectively, and thus a
ditference in carbon emissions of 77 gC/kWh. Hence, a wedge is achieved when 13,000 TWh
(13 trillion kWh) are produced per year in 2054 at 60% instead of 40% efficiency. By
comparison, global electricity output from coal in 2000 was 6000 TWh, according to the World
Energy Outlook (S24, p. 411). Thus, a wedge is achieved if, in 2054, roughly twice today’s
output of coal power is produced at 60% instead of 40% efficiency.

All the carbon intensities considered here for coal plants in 2054 exceed the current average
carbon efficiency. Year 2000 carbon in and electricity out for coal-based power plants were,
respectively, 1712 MtCly and 5989 TWh/y, resulting in a carbon intensity of 290 gC/kWh (S24,
p. 411 and p. 413).

Electricity production is already more decarbonized than non-electric end uses of energy. Only
about 20% of all primary energy comes from sources other than fossil fuels, but for electricity
production the share from other than fossil fuels is 40%". The difference in share is the result of
non-carbon primary energy (dominated by hydropower and nuclear energy) being used almost
exclusively in the electricity sector. This trend is likely to continue. Wind and other renewables
will also have their primary impact, for the foreseeable future, as sources of electricity. To
decarbonize the fuel supply system, in contrast to the electricity supply system, there are fewer
options available, as discussed in Section 3 of the Supporting On-Line Material. This is why
wedges available from improved efficiency of fuel use are especially important.

# The share of primary energy from non-fossil sources varies across data sources, depending on whether traditional
energy sources are included and on how hydropower is treated. According to the IPCC Mitigation Report, the share
of electricity from non-fossil sources in 1995 was 38%, 5000 TWh out of 13,200 TWh (825, Table 3.29, p. 238).

11



121

Vehicles A light-duty vehicle (“car™) consumes 330 gallons of gasoline per year if it goes 10,000
miles with a fuel economy of 30 mpg. The carbon content of a gallon of gasoline is about 2.4 kg
(specific gravity = 0.74; 85% carbon by weight), leading to 3 kg of carbon emissions per gallon
of gasoline when one adds about 25% carbon “overheads” incurred at production, at the refinery
and further downstream (826). Thus, a typical car emits a ton of carbon into the air each year.
Then, accepting 30 mpg and 10,000 miles per year as the baseline, a world with two billion cars
on the road offers two wedges if the fuel can be totally decarbonized and one wedge if the fuel is
unchanged but the fuel efficiency is doubled.

Note that the improved fuel efficiency required to achieve a wedge is strongly dependent on the
average fuel economy assumed in the BAU. Assuming 24 mpg, a wedge is available from fuel
efficiency by achieving 40 mpg instead. Assuming a 36 mpg baseline, a wedge is available from
fuel efficiency by achieving 90 mpg instead.

Note also that the assumption of 10,000 miles of driving per year for the average car is only
slightly larger than the 14,000 km/y (8700 miles/y) value used by the U.S. Energy Information
Agency as a world average today (S23). The assumption of two billion light-duty vehicles in
2054 is consistent with the 530 million cars in 1999 (823), if the growth rate in number of cars is
2.4% per year.

The decarbonization of freight transport presents challenges similar to those for personal
transport. It is widely agreed, however, that the decarbonization of aviation will be more
difficult. And aviation is the fastest growing component of transportation.

Buildings When energy is examined comprehensively from the end-use perspective, the
buildings sector stands out as particularly promising. The buildings sector is traditionally
subdivided into residential and commercial buildings. The largest savings are in space heating
and cooling, water heating, lighting, and electric appliances.

The 2001 “Mitigation” report of the Intergovernmental Panel on Climate Change (IPCC)
contains historical data and projections across all economic sectors and levels of industrial
development. The report cites a 1996 paper commissioned by the IPCC that judges the buildings
sector as a whole to have the “technological and economic potential” to cut emissions in half,
relative to a particular base case, from 3.9 GtC/y to 2.0 GtCly. Thus, two wedges are achieved.
One wedge is achieved in residential and another in commercial buildings. In the base case, two-
thirds of the carbon emissions are from residential buildings, but the carbon savings achievable
from commercial buildings are judged to be larger than from residential buildings (65% vs.
45%). In both the residential and commercial buildings, almost half of the savings are achieved
in the buildings of developing countries (S25, Table 3.5, p. 189). The paper cautions, however,
that only “between 35% and 60% of the efficiency measures that are technically and
economically feasible... could be adopted in the market through known and established
approaches (S25, p. 188, fn. 13).”

We can read this observation in either of two ways, depending on how we view Business As
Usual. 1) We can judge the savings available using “known and established” approaches as
sufficiently difficult to achieve that they would not occur as part of Business As Usual. Then,
one wedge would be available through implementing these approaches, and a second wedge
would be available if unknown and not yet established approaches could be implemented to
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bring about the second half of the identified technical potential for carbon savings. 2) We can
view the savings through “known and established” approaches to be part of Business As Usual,
and thus very likely to occur without a focus on carbon. In that case, only the second wedge
above would be available.

Carbon savings from space water heating will come from synergisms between end-use efficiency
strategies, like wall and roof insulation, and renewable energy strategies, like solar water heating
and passive solar design. These synergisms are further discussed in Section 3 of the Supporting
On-line Material.

There are often critical interactions between two strategies that diminish the combined effect,
relative to the sum of the two activities acting independently. Consider household lighting and
the decarbonization of electricity. A wedges calculation could distinguish two 2054 worlds, one
with half and one with full displacement of incandescent bulbs (IBs) with compact fluorescent
bulbs (CFBs). About 10 kgCly is at stake for each fixture, if we assume: 1) the bulbs are on 4
hrs/day; 2) a 15W CFB replaces a 60W 1B, providing the same light output; and 3) the carbon
intensity of electricity is 160 gC/kWh, the same as in recent years’. If we imagine 50 billion light
fixtures in 2054 (there are about 10 billion today), half versus full penetration would be one-
fourth of a wedge (25 billion fixtures where 10 kgCly is saved). But, less than one-fourth of a
wedge will be available, to the extent that the carbon intensity of electricity falls by 2054 from its
current value. The carbon intensity of electricity fell 28% over the 29 years between 1971 and
2000, from 204 gC/kWh to 159 gC/kWh, or 0.9%/y (S24, p. 411 and 413). One would expect
substantial further reductions in the carbon intensity of electricity in a world where global carbon
is taken very seriously.

Direct use of fuel at the factory and farm The abundant literature on energy efficiency (527-S32)
provides grist for numerous estimates of opportunities for carbon emissions saving in all sectors
of the economy. In the area of energy use in industry and agriculture, the identification of
wedges is work for the future. The best we can do is to provide a template for such calculations,
using vehicle fuel efficiency as an example. There are two steps to the identification of a wedge:

1) Invent a plausible baseline level of activity and carbon intensity in 2054, consistent
with little attention being paid at that time to the global carbon problem. Take into
account that many carbon intensities (like the analogous energy intensities) have been
falling steadily and that many measures of level of activity have been growing with the
economy, For vehicle fuel, the level of activity is the total vehicles miles traveled, or
VMT, 20 trillion miles per year; and the carbon intensity is 0.10 gC/mile.

2) Invent either a lower level of activity, or a lower carbon intensity, or some
combination of the two, that is a plausible representation of a world in 2054 that takes the
global carbon problem very seriously.

Note that some (level of activity)-(carbon intensity) pairs will introduce the time dimension via
the level of activity; an example is (tons of steel produced per year)-(carbon emissions per ton of

% In 1995, according to IPCC Working Group 111, 13,200 TWh of global electricity were produced with the emission
0f 2.09 GtC, or 158 gC/kWh (S25). In 2000, according to the IEA World Energy Outlook tables for its Reference
Scenario, 15,400 TWh were produced with the emission of 2.44 GtC, or 159 gC/kWh.
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steel). Other pairs will introduce the time dimension via the carbon intensity; an examples is:
(hectares planted in some crop)-(carbon emissions per year per hectare planted in that crop).
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SECTION 3. THE DECARBONIZATION OF ENERGY SUPPLY

The Stabilization Triangle reduces carbon emissions from fossil fuel in 2054 to 7 GtC/y from 14
GtCly. In addition to the energy efficiency strategies discussed in the previous section that can
bring about such emissions reductions, there are also many supply strategies.

In recent years, fossil fuel extraction and use has resulted in the transfer of between six and seven
billion metric tons of carbon per year (GtC/y) from fossil fuels to the atmosphere. At the next
level of detail, where data are disaggregated in various ways (by part of the world, fuel, end-use,
etc.), disagreements among available references reflect a variety of uncertainties in the data.
Such uncertainties arise from poor reporting from some countries, variable and unknown carbon
content of fuels (especially, across coals), and incomplete knowledge of the timing of the
delayed carbon emissions from the world’s many long-lived petrochemical products, like plastics
and asphalt (the “non-energy uses” of fossil fuels). Unless otherwise noted, we use CO,
emissions data from the International Energy Agency’s World Energy Outlook 2002 (832, p.
413). We also use the energy-to-carbon conversion ratios recommended at the BP website (these
are lower heating values); for natural gas, oil, and coal, in units of kgC /GJ, these are,
respectively: 15.29, 20.07, and 25.80°.

In Table S3, a 3x3 matrix, we display a disaggregation of the 6.2 GtC/y global carbon emissions
in 2000 (833). The columns of the matrix are fuels (gas, oil, coal), and the rows are category of
use (power, transportation, direct fuel use)’. The same information is also shown in Fig. $2, top.
Coal dominates the electricity market. Coal and gas compete in markets for electricity and
process heat. A significant amount of coal is used directly for space heat in developing countries.
Oil emissions account for almost all transportation emissions. Almost half of oil emissions come
from sectors other than transportation.

In 2054, it is reasonable to assume that natural gas, oil, and coal will all continue to be produced,
and that many current features of energy demand will be intact. In keeping with the spirit of our
analysis, where we seek to specify as little as possible of BAU, we adopt a deliberately
oversimplified view of BAU carbon emissions in 2054, in the form of another 3x3 matrix, with
the same structure as the 2000 matrix. It is shown in Table S4 and Fig. 82, bottom left.

The BAU in Table S4 is deliberately rough hewn, but it is consistent with general expectations
and it can help guide our thinking. We have confined ourselves to integer emissions, in units of
GtCly. The total of 14 GtC/y emissions in the baseline is split: 5 GtC/y natural gas, 3 GtC/y
crude oil, and 6 GtC/y coal®. All crude oil is used in the transport sector. To promote attention to
the potential for competition in 2054 in the transport sector between fuels derived from crude oil
and from coal, emissions for transport from oil-derived fuels and coal-derived synfuels are 3
GtC/y and 1 GtCly, respectively. The power sector emissions are 2 GtC/y from natural gas and 3

¢ The BP Tables (S34) state the conversion units in tC/toe: 0.64, 0.84, and 1.08, respectively. We use 1 toe = 41.86
GJ (10 Geal).

7 What we are calling Direct Fuel Use is the sum of two categories in World Energy Outlook ~ 2002: “Industry” and
“Other” (833). Industry will be dominated by process heat, since electricity is accounted for separately. “Other” will
be dominated by space and water heating in buildings.

8 A substantial fraction of the natural gas and oil will be what is today called, “unconventional,” (tar sands, for
example). The use of lower quality oil and gas resources may not alter the deep structure of energy markets
expressed in our 2054 matrix.
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GtC/y from coal. Emissions associated with direct use of fuel elsewhere than in transport are 3
GtCly from natural gas and 2 GtC/y from coal; these fuels are used largely for industrial process
heat and residential and commercial building space and water heating. Carbon emissions arise
about equally, as today, from providing electricity, transportation, and heat for industry and
buildings.

To cut 2054 carbon emissions by half, both the power system and the fuels system must be
aggressively decarbonized. Below, we examine the decarbonization of power first, then the
decarbonization of fuel.

I. The Decarbonization of Power

To decarbonize electricity production the principal target will be the coal power plant, and the
secondary target will be the natural gas power plant. How much coal electric power is associated
with 1GtC/y entering the atmosphere?

As in Section 2 of the Supperting On-Line Material, we choose a reference baseload coal plant,
for 2054, that operates at 50% lower-heating-value efficiency, and hence with a carbon intensity
of 186 gC/kWh. We now add that it has a capacity of 1 GW and operates with 90% capacity
factor. Each year, therefore, it produces 8 TWh of electricity and emits 1.5 MtC. Our answer,
then, is that 700 GW, of vintage 2054 baseload coal capacity emits 1 GtCly.

A carbon-emission rate from coal plants of 1 GtC/y is accompanied by coal consumption, in
energy units, of 40 EJ per year, and 5400 TWh per year of electricity’. The electricity output is
nearly as large as (90% of) today’s total electricity output from coal, 6000 TWh in 2000,
according to the World Energy Outlook (S33, p. 411). The coal input is about 60% of total coal
input to power plants in 2000, 65 EJ (833, p. 410). The second percentage is smaller, because the
average efficiency of coal plants today is considerably less than the efficiency we are assuming
for 2054.

Because we make much use of the equivalence of 700 GW of coal power plant capacity and 1
GtCly of carbon emissions, it is important to understand the underlying assumptions. The carbon
intensity we assume for the coal plants in 2054 far exceeds the average carbon efficiency today:
Combining a 50% lower-heating-value efficiency with our lower-heating-value carbon intensity
for coal, 25.80 kgC/GJ, yields an average carbon intensity of coal plants in 2054 of 185 gC/kWh,
compared to 290 gC/kWh in 2000'°. Combining these assumptions with a plant assumed to run
90% of the year, the emissions from each plant are 1.47 MtCly, and therefore 1 GtC/y is emitted
from 680 plants, which we round off to 700 plants.

A smaller number of 1 GW coal plants will emit 1 GtC/y when the efficiency is less, and a larger
number when the plant runs less often. Combining two data one year apart, 1.712 GtC/y
emissions from coal plants in 2000 and 1056 GW of installed coal capacity in 1999 (833, p.413
and p. 412), one finds that 620 GW of recent coal plant capacity is associated with 1 GtCly of
recent emissions; evidently, the effects of much lower efficiency and much lower capacity factor
nearly cancel.

° | TWh = 10" kWh.
' Year 2000 carbon in and electricity out for coal-based power plants were, respectively, 1712 MtC/y and 5989
TWh/y (S33,p. 411 and p. 413).
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The average carbon intensity of electric power from natural gas in 2000 was 172 gC/kWh,"!
about 60% of the average carbon intensity of electric power from coal in 2000, 290 gC/kWh, just
cited. The average efficiencies of conversion of natural gas and coal to electricity are both about
32%'%. Much of the natural gas is consumed in peaking plants, which are not as efficient as
baseload plants. Correcting for this by assuming 60% lower-heating-value efficiency for the
reference 2054 baseload natural gas plant, natural gas in 2054 will emit about half as much
carbon per kWh as baseload coal plants.

It follows that a strategy that builds the capability, by 2054, to avoid the production of electricity
from 1400 GW of baseload natural gas plants is a wedge. Equivalently (referencing the output
instead of the capacity), a strategy that builds the capability to avoid the production of 10,800
TWh of electricity from vintage 2054 natural-gas-based power plants is a wedge. A wedge of
natural-gas-based electricity avoided is approximately equal to four times the Year 2000 global
production of electricity from natural gas (2700 TWh) (S33, p.411).

Four distinct approaches to the decarbonization of power will compete with one another:
A) Fuel shifting: Coal can be displaced by natural gas.

B) Carbon capture and storage: The CO; in the coal or natural gas can be captured and
stored instead of vented to the atmosphere.

C) Nuclear energy: Coal or natural gas can be replaced by nuclear energy.

D) Renewable energy: Coal or natural gas can be replaced by renewable energy
We discuss each of these four options below.
A. Fuel Shifting: Substituting Natural Gas Power for Coal Power

From the data just presented, it follows that a wedge is available from using natural gas instead
of coal at 1400 GW of baseload power plants by 2054. The pace associated with this wedge is 28
GW of new natural gas power displacing 28 GW of new coal power every year. Equivalently, a
wedge results from producing10,800 TWh of electricity from natural gas instead of coal by 2054.
At these power plants, 1 GtC/y will be emitted from natural gas instead of 2 GtC/y from coal.
The 3x3 matrix for 2054 above would read, after one such wedge: 1 GtC/y from coal to
electricity and 3 GtC/y from natural gas to electricity, for a total 2054 emission of 4 GtCly
associated with electricity production, instead of 5 GtC/y. A full second wedge of this kind
would not be available.

"' Year 2000 carbon in and electricity out for natural-gas-based power plants were, respectively, 461 MtC/y and
2676 TWhiy (833, p. 411 and p. 413).

' Inputs of coal and natural gas to electricity in 2000 were, respectively, 1555 Mtoe/y (65.1 EJ/y) and 725 Mtoely
(30.3 EJ/y) (833, p. 410), resulting in average Year 2000 efficiencies (electricity out/fuel in) of 33% for coal and
32% for natural gas.
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Materials flows equivalent to one billion tons of carbon per year are huge. We assume a
reference coal which is 70.7% carbon". Then, a flow of 1.4 billion tons of coal per year carries 1
GtCly. The flow of natural gas, which is about 75% carbon (since natural gas is mostly methane,
and methane is CH,), is 1.3 billion tons per year. However, flows of natural gas are usually
measured as volume flows, for example in units of billions of standard cubic feet per day
(Bscfd). We find that 1 GtC/y is a flow of 190 Bscfd of natural gas."* Therefore, 1 wedge is a
program of development of natural-gas-based power that displaces coal and grows from zero to
190 Bscfd in 50 years, emitting 1 GtC/y, but backing out coal that is twice as carbon intensive in
producing electricity, and so would have emitted 2 GtCly.

We can relate a wedge of natural gas to flows through specific large pipelines and LNG tankers:

The Alaska natural gas pipeline currently under negotiation is to carry about 4 Bscfd. A
wedge of flowing natural gas (190 Bscfd, or 1 GtCry) is equivalent to bringing one
Alaska pipeline on line every year for 50 years'.

A wedge of flowing natural gas (190 Bscfd, or 1 GtCly) is equivalent to 50 large LNG
tankers docking and discharging every day'é. Current LNG shipments create about one-
tenth as large a flow of carbon.

B. Electricity with Carbon Capture and Storage (Carbon Sequestration)

When energy is extracted from fossil fuels or biofuels by oxidizing its carbon to CO,, there is no
fundamental reason why that CO; should end up in the atmosphere. It is possible to capture the
CO, at the energy conversion facility instead of venting it, and to store the captured CO; to
prevent it from reaching the atmosphere for a long period of time. This strategy, carbon capture
and storage (CCS), also known as fossil carbon sequestration, is being widely studied as a carbon
mitigation strategy. The 2002 National Academy of Engineering symposium proceedings (S36)
is a good source of introductory essays on many of the major issues; for more detailed
information, we recommend the collection of papers prepared for a 2002 international
conference in Kyoto, in two volumes (S$37). The website of the International Energy Agency’s
Greenhouse Gas R&D Programme, www.ieagreen.org.uk, is particularly useful.

A wedge is CCS applied by 2054 to 800 GW of baseload coal power or 1600 GW of baseload
natural gas power — when we take into account less than perfect capture and storage (both CO;
not captured and extra energy to power the capture and storage). Biomass can also be used with
CCS, leading to a net withdrawal of CO, from the atmosphere. Biomass may be able to be used

13470.7 percent carbon describes coal equivalent within +/- 2%,” according to G. Marland, et. al. ($35) . This
percentage is consistent with the bituminous coal atomic ratios of CHg Oy, if the coal is 85%( CHy0y,) and 15%
“other”, by weight. “Other” might be ash.

' We assume that the volumetric carbon content of natural gas is 538 gC/Nm®, where Nm’ is "normal cubic

meter.” We use the equivalence of two gas volumes, both defined at atmospheric pressure, but defined at different
temperatures: 1 Nm’® = 37.24 scf, where scf is “standard cubic foot.” (The scf is at 60 degrees F, and the Nm3 is at 0
degrees C.) The arithmetic, then, is that | GtC/y is 37.24/(538*10°*365) Bscf/d = 190 Bscf/d. Here, both G and B
are one billion, or 10°.

1% Another large natural gas pipeline is being built across China, from Kovyktinskoye, “Kovykta,” in eastern Siberia,
1o Beijing. It is similar in size to the Alaska pipeline.

'® We assume the LNG tanker has 200,000m’ capacity. The density of LNG is 610 times the density of standard
natural gas.
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in dedicated facilities, and it also can be “co-fired” with coal, followed by CCS, increasing the
mitigation effect of CCS per kWh.

To achieve the objectives of CCS, several commercial technologies must be combined in new
ways. Key carbon capture technologies are well known from their use in industrial hydrogen
production at refineries and ammonia plants. Key carbon storage technologies are well known
from their use for enhanced oil recovery (EOR). We consider carbon capture and carbon storage
separately.

Carbon capture Carbon capture is possible as end-of-pipe technology (“post-combustion
capture”™): CO; is separated from the flue gases exiting a power plant or other industrial facility,
for example by chemical absorption or adsorption. Alternatively, CO, may be captured at an
early stage, prior to most of the energy generation (“pre-combustion capture”). Post-combustion
capture is less disruptive of already established technological practice. However, in many cases,
pre-combustion capture is less costly, because the key step of separating CO, from other gases
may be accomplished at much higher partial pressure.

Pre-combustion CO; capture shares many technologies with the gasification of solid fuels (coal,
petroleum coke, and various biofuels). The synthetic gas (syngas) exiting the gasifier contains,
principally, CO and H,, at high temperature and pressure, but it also contains impurities, like
sulfur. For a gasification plant to become a pre-combustion capture plant, the CO and H; mixture
must be converted to a CO, and H, mixture, via a shift reactor (CO + H,O = CO; + Hy). The
technologies to remove impurities from syngas are similar to the technologies to remove CO,
from a mixture of CO, and Hs.

When gasification is the first step in power production, if there is no CO, capture, the CO-plus-
Ha syngas goes to a turbine, whereas if there is CO; capture, a much more Ha-rich syngas goes to
the turbine. The incremental cost of CO; capture in power production, if gasification becomes
established as the power conversion system of choice, is relatively low. Thus, the competition
within coal-based power between steam power and power from gasification strongly affects and
is affected by any requirement for carbon mitigation. The more gasification-based power is
competitive, the less costly CO; capture will be, and the greater the societal demand for CO,
capture, the more competitive gasification-based power will be.

Pre-combustion CO; capture also shares many technologies with Hj production from coal or
natural gas. Here, both a shift reactor to produce a mixture of CO, and H,, and subsequent
separation of the Hs from the CO,, are necessary to obtain a high-purity Hj stream. The current
scale of production of H;, therefore, provides useful reference values for the task required to
produce the “capture” part of a wedge of “capture and storage.”

Hydrogen is currently produced from fossil fuels at a rate of about 40 million tons per year.

Most production is associated with two industries, ammonia fertilizer and petroleum refining,
and, in both cases, H, is produced and used in the same complex. At 120 GJ/t (lower heating
value) for H,, the flow of secondary energy as H, is approximately 5 EJ/y. As a result, taking
into account losses in conversion of primary energy to H,, roughly two percent of the 400 EJ/y of
global primary energy is used to make Ha. Since, at any plant where H; is produced from fossil
fuels, a nearly pure stream of CO; can be captured at some stage, we estimate that 0.1 GtCly of
capturable CO, is generated at H, production plants (S38). Today, in every case, this COz is
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vented, but only small changes could lead to capture. The scale of H;, production today is only
ten times smaller than the scale of a wedge of carbon capture in 2054.

We return to H; production later in this section, when we consider the decarbonization of fuels
and the hydrogen economy.

Carbon storage The capture part of “capture and storage” results in a stream of relatively pure
CO, at a plant gate, ready to be taken away. The CO, must be at high pressure, if it is to leave via
gas pipeline, and the compression step is often the most expensive and energy-intensive step in
the whole process. But, where can it be stored, and in what chemical form? Many novel
proposals are receiving much attention, including storage in minerals and storage in the deep
ocean, but, in the spirit of this paper, we consider only “geological storage,” because this is the
one storage strategy for which there is already substantial relevant experience. The oil industry
moves large quantities of CO, into underground formations for enhanced oil recovery (EOR), by
far the largest industrial use of CO,. The CO; is injected as a supercritical fluid, and much has
been learned via EOR about migration of the fluid, dissolution into hydrocarbons and brine, and
chemical interaction with host rock. The scale of current EOR provides useful reference values
for the task required to produce the “storage” part of a capture-and-storage wedge.

In EOR, much of the CO; injected into a hydrocarbon formation reemerges with the oil it has
helped produce, and it is then separated and reinjected. We choose to describe EOR experience
with CO; in terms of the total flow of new CO, brought to EOR sites, rather than the total flow
of CO; injected at EOR sites, which includes recycled CO,. About 10 MtCly is brought to EOR
sites in the U.S. today. Most of these sites are in the Permian Basin, West Texas, and most of the
world’s EOR is in the U.S. Therefore, a wedge of the storage part of capture-and-storage is a
flow of CO, about 100 times larger than the current flow of CO, to EOR sites.

EOR today only rarely uses CO; captured from fossil fuels. Rather, most of the CO; used in EOR
is drawn from natural CO; reservoirs. A large part of the CO, used for EOR in the Permian
Basin is tied to the huge McElmo CO; reservoir in southwest Colorado via a 800-km-long CO,
pipeline that runs across New Mexico. This pipeline carries somewhat more than 1 billion
standard cubic feet per day (Bscfd) of CO,, or about § MtC/y'". Thus, a wedge is an activity that,
during each of the next 50 years, adds a flow of carbon equal to the flow through four pipelines
like the pipeline from McElmo Dome to the Permian Basin.

Much work remains to be done before there are good estimates of the total storage capacity for
geological storage of CO,, and before storage integrity and leakage are well understood. The
storage part of a capture-and-storage wedge requires the storage of 25 GtC over the next 50
years. The global storage capacity in oil and gas reservoirs is estimated at 10 to 20 wedges.
Estimates of the global storage capacity in large unconfined saline aquifers range from only four
wedges to one hundred (839).

Carbon storage has not been the objective of EOR. In the past ten years, however, demonstration
projects designed to gain experience with geological sequestration have begun to come on line.

"7 Note that, as a manifestation of the universal properties of gases at low pressure, a flow of 190 billion standard
cubic feet of gas per day (Bscfd) is a carbon flow of 1 GtCly, the carbon flow associated with a wedge, whether the
gas is CHyor CO,.
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The first three of these are: 1) the Sleipner project, offshore Norway; 2) the Weyburn project,
Saskatchewan, Canada; and 3) the In Salah project, Algeria. The Sleipner project demonstrates
storage in a huge unconfined aquifer; the Weyburn project demonstrates storage associated with
EOR; and the In Salah project demonstrates storage in the water leg beneath the same natural gas
field from which the natural gas is being produced. All three projects involve approximately the
same storage rate: one million tons of carbon dioxide per year (0.3 MtC/y). Thus, a wedge of
storage is 3000 Sleipners, or 3000 Weyburns, or 3000 In Salahs.

It is possible that storage of CO; will be routinely accompanied by the storage of pollutants, like
sulfur, as a single fluid mixture. For the past 15 years, “acid gas” (a mixture of CO, and
hydrogen sulfide, or HS, obtained from the desulfurization of “sour gas,” or gas with high sulfur
content) has been disposed of in geological media in Western Canada. This method, which we
call co-capture and co-storage, is being adopted increasingly as the preferred strategy for sulfur
management for many sour natural gas fields in western Canada and the U.S. The 2003 injection
rate, summed over 41 active sites, was about 0.45 MtCO,/y (0.12 MtC/y) and 0.55 MtH,S/y. The
cumulative storage through 2002 was 2.5 MtCO; (0.7 MtC) and 2.0 MtH,S (S40).

Natural gas is stored in geologic reservoirs to buffer demand, providing further relevant
experience in moving gases into and out of reservoirs below ground. In the U.S. alone, total gas
in storage in 1999-2002 ranged, approximately, between five and seven trillion standard cubic
feet, the minimum in March and the maximum in October (S41). The six-month-average flow in
and out, therefore, is about 10 billion standard cubic feet per day (Bscfd). As noted above, a
carbon flow of 1 GtC/y, whether as methane or COy, is a flow of 190 Bscfd. Therefore, ramping
up the gas flow currently associated with seasonal natural gas storage in the U.S. to twenty times
its current rate over the next fifty years is the storage part of a wedge of CO, capture and storage.

C. Nuclear Power

A wedge from nuclear power is power production by 2054 at a rate of 5400 TWh/y that displaces
electricity from coal or 10,800 TWh/y that displaces electricity from natural gas. Assuming that
2054 nuclear plants have the same 90% capacity factor as we earlier assumed for 2054 coal and
natural plants, a wedge is 700 GW of additional installed nuclear capacity by 2054 that displaces
coal, or 1400 GW that displaces natural gas.

In 1999, 351 GW of nuclear capacity were installed, and in 2000, the rate of production of
nuclear electricity was 2586 TWh/y, for an average capacity factor (neglecting the one-year
interval) of 84% (833). Assuming that the wedge envisioned here is added to existing capacity
which remains unchanged, we see that a wedge of nuclear power displacing coal requires
approximately tripling, by 2054, both the installed nuclear capacity (adding 700 GW 1o 350 GW)
and nuclear power output (adding 5400 TWh/y to 2600 TWh/y). The current challenge of
nuclear waste disposal, in terms of mass of fission products, also grows by a factor of three.

The world’s nuclear capacity today is far below what was expected in the 1960s, when nuclear
power’s promise as a substitute for coal was most highly regarded. Round numbers were used to
project an installed nuclear capacity in 2000 of 1000 GW in the U.S. and 1000 GW in rest of the
world. Problems of plant siting, uranium resource availability, and waste management were all
addressed in that period, and no technical obstacles were identified. The U.S. currently has about
ten times less nuclear capacity than then envisioned and the world as a whole has about six times
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less. Were the incremental 1600 GW to be built through steady construction over the next 50
years and be credited against baseload coal, this would account for roughly two wedges. Nuclear
fusion reactors could account for some of this capacity, if fusion were to arrive on the scene
faster than is now anticipated.

Nuclear fission power generates plutonium, as neutrons are absorbed by U**S. The rate of
generation of plutonium depends on the reactor type and its operation. A light water reactor
running on low-enriched uranium (the dominant reactor today) generates about 35 kg Pu per
TWh of electricity'®, or 250 kgPu/y per installed GW, at 80% capacity factor. If our 2054 reactor
has the same plutonium production rate per unit of thermal energy, but 50% efficiency and 90%
capacity factor, it generates 180 kgPuw/y. A wedge from nuclear power (700 GW) generates, in
2054, 130 tPu per year'".

To estimate the quantity of plutonium produced over the fifty years by the nuclear power plants
that fill the wedge, we assume a linear ramp, so that, each year, 14 GW of new nuclear capacity
are installed. Over 50 years, there are 17,500 GW-years of nuclear reactor operation. We can
bracket the Pu produced while filling the wedge by observing that if all the reactors generated
plutonium at today’s estimated rate of 250 kgPw/GW-year, 4400 tPu would be produced, and if
all the reactors generated plutonium at the rate we are estimating for reactors built in 2054, 180
kgPuw/GW-year, 3200 tPu would be producedzo. This addition of several thousand tons of
plutonium to the world’s stock can be compared with: 1) 1000 tPu, the current inventory in all
the world’s spent fuel; 2) 100 tPu, the current inventory in U.S. weapons; and 3) 10 kgPu, the
critical mass of plutonium.

D. Power from Renewables

The list of renewable power sources is long. It includes power from renewable energy in the
form of heat that is then converted to electricity in a power cycle, as well as power that has been
generated directly from an organized renewable energy source. In the first category, the heat may
originate in focused sunlight or geothermal energy or the combustion of biomass. It is possible
for such heat to supplement the heat from the combustion of fossil fuels, as in the co-firing of
biomass and coal, mentioned briefly earlier under carbon capture and storage. In the second
category, organized renewable energy, capable of being converted to electricity without an
intervening thermal power cycle, can take the form of hydropower, photovoltaics (PV), wind,
waves, and tides.

Here, we arbitrarily focus on the displacement only of coal and only by wind or PV. Given the
assumptions in this paper, a wedge of wind must displace 700 GW of baseload coal (5400

'8 We estimate this production rate from two inputs: 1) a ton of enriched uranium fuel generates about 35 GW-days
of thermal energy before replacement (this is the “burn-up” of the fuel, expressed in its usual units), and 2) at
replacement the spent fuel is about 1.0% plutonium (S42, Table 7.1, p. 109). Thus, the production of 10 kg Pu
accompanies the production of (.84 TWh of thermal energy. At 32% efficiency converting thermal energy to
electricity, the plutonium generation rate is 37 kgPuw/TWh of electricity.

' Such a calculation is at best illustrative, because reactors in 50 years are unlikely to resemble today’s light water
reactors. They could produce either substantially more or substantially less plutonium than we have estimated.

2 One way to model our conjectured improvements in nuclear reactor efficiency and capacity factor would be to
assurme that the plutonium production per reactor-year depends linearly on the year that the reactor begins operation,
falling linearly from 250 kgPu/GW-year to 180 kgPwGW-year over the 50 years. For this simple model, 3500 tPu
are produced while filling the wedge ~ indeed bracketed by 4400 tPu and 3200 tPu.
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TWh/y). Assuming a linear ramp, an increment of 100 TWh/y of either new wind energy or new
PV each year for 50 years would be a wedge.

But wind blows intermittently, and PV cannot be collected at night; both are intermittent energy
sources. The capacity of intermittent renewable energy to displace fossil fuel power depends on
the availability of stand-alone storage and hybrid storage. A wedge is sufficiently large that it
will require the wind or PV energy to be embedded in a system with sufficient storage to
compensate for intermittency.

An example of hybrid storage is compressed-air wind-energy storage for remote wind farms,
where the challenge is to gain maximum value from transmission lines by keeping them full. On
very windy days, instead of spilling the wind at the site, the excess wind is stored in some
geological formation as compressed air. Then, when winds are low, supplementary turbine
power is produced by the compressed air, after its enthalpy is boosted by the burning of natural
gas (S43).

For both wind and PV, deployment is measured in peak watts (W), a measure of the power
output at the cutoff wind speed for wind and in direct sun normal to the surface for PV. We are
assuming a present wind capacity of 40 GWp, based on data showing that at the end of 2002, the
global installed wind capacity was 32 GW, and had increased 29%, or 7.2 GW,, over 2001. In
2002, 65 TWh were produced from wind, 0.4 % of total global electricity consumption (S44).
Assuming the same 26% capacity factor relative to peak capacity in 2001 as in 2002,>' wind
energy in 2002 exceeded wind energy in 2001 by 16 TWh, one-sixth of the linear rate of increase
required for 50 years for a wedge of wind-for-coal.

A simple way to estimate intermittency, for both wind and PV, is to match peak watts to
baseload watts by dividing by three. (As we have just seen, a typical capacity factor for wind or
PV is about one quarter, as compared to somewhat more than three-quarters for a baseload plant.
In 2054, we imagine a 30% capacity factor for PV and wind and a 90% capacity factor for
baseload plants.) Thus, a wedge is about 2000 GW,, of peak wind or PV power displacing coal
by 2054, or 4000 GW,, displacing natural gas. The rate of deployment, for a linear ramp, is 40
GW,, per year if coal is displaced and 80 GW,, per year if natural gas is displaced. The current
global deployment of PV is about 3 GW,,. For the past several years, installed global PV
capacity, like wind capacity, has been growing at 30% per year (say, 0.7 GW,/y). Thus, a wedge
of PV-for-coal requires increasing the deployment of PV by a factor of 700 by 2054, or
increasing the current deployment rate by a factor of 60.

To estimate the spatial demands of future wind farms on land or in the sea, we use data for
Denmark’s new 160 MW Hormns Rev wind farm off the west coast of Jutland (S45). This offshore
wind farm has 80 turbines in an 8x10 rectangular array, each with 80m-diameter blades and 2-
MW, output. The turbines are seven blade-diameters apart both in the prevailing wind direction
and transverse to it. Thus, each of the inner 2-MW,, turbines “occupies” 310,000 mz, and its
power density is 6 Wp/mz, from the perspective of surface area required™. A wedge in the form

%' To produce 65 TWh from wind in 2002 would require 2300 hours of operation at peak capacity, or operation for
26% of the year, assuming 28 GW,, average installed peak wind capacity.

2 The area occupied by the entire Horns Rev wind farm is reported as 20 km’ (S45), which results in a ratio of peak-
power production to wind farm area of 8W,/m’. The area reported is equal to nine times seven inter-windmill
spacings, rather than ten times eight, as if no surface were “occupied” beyond the perimeter of the wind farm.
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of 2000 GW,, of wind-for-coal would then require 30 million hectares of surface. If all were on
land, this would be between one and two percent of the world’s 1800 million hectares of land
estimated to have winds of Class 4 and above (846). Thirty million hectares is also 3% of the
land area of the United States. Land from which wind is harvested can be used for many other
purposes, notably for crops or pasture.

The land demand for PV is inversely related to the conversion efficiency of sunlight. Here we
choose 100 Wp/m2 for the peak power output from PV divided by the area of the collection site”,
15 times greater than for wind. Then, a wedge in the form of 2000 GW, of PV-for-coal requires
two million hectares, or 20,000 km?, of site surface, either dedicated land or multiple-use
surfaces such as the roofs and walls of buildings.

Note that in quantifying the wedges of renewable electricity, here, we have not needed to take
into account the mix of centralized and distributed generation. Hundred-square-kilometer regions
devoted to arrays of photovoltaics or wind farms have been treated as equivalent to large
numbers of rooftop PV units or isolated wind turbines.

Greater Electrification as a Consequence of Decarbonization

In searching for wedges, it is important to keep in mind that, in a carbon-constrained world,
electricity may displace fluid fuels, especially in distributed uses of energy. Today, when
electricity competes as a secondary energy carrier with hydrocarbons in distributed energy
markets, such as the markets for vehicle fuel and space heating, it does poorly. Distributed
hydrocarbons offer portability in the first instance and thermodynamic efficiency in the second.
The electric battery car has not displaced the car powered by gasoline or diesel fuel. The electric
resistive heater has not displaced the natural gas furnace. In the future, however, distributed
hydrocarbons will carry new costs associated with carbon emissions to the atmosphere: once
hydrocarbons are distributed to small users, their carbon cannot be captured and stored. It should
become more attractive to charge the battery on a hybrid vehicle at home from the grid between
uses. The electric heat pump should become competitive in a larger range of climates.

We judge that, overall, the alternatives for the decarbonization of electricity discussed in this
section will enter the market under a weaker carbon constraint than the alternatives for the
decarbonization of fuel discussed in the next section. The result will be accelerated
electrification: a greater fraction of primary energy used to produce electricity under a carbon
constraint than in its absence.

I1. The Decarbonization of Fuel

To decarbonize fuels production, there are major targets at both large and small unit scale. At
large unit scale, fossil fuels today are used directly to provide industrial high-temperature heat.
Under a carbon constraint, fossil fuels may continue to provide this service, while CO; is
captured and stored. Or, carbon-free or low-carbon hydrogen, produced at large scale, may
substitute for fossil fuels.

 On a clear day, the flux of sunlight is 1kW/m?, Assuming 10% site conversion efficiency (inevitably less than
device conversion efficiency), the peak power output per unit of site area is 100 W,/m?, and, using our factor-of-
three approximation, average power output is 33 W/m®.
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At small unit scale, the principal targets are fuels for transportation and fuels to provide low-
temperature heat to buildings. In 2000, as we saw in Table S3, about 3.6 GtC/y of CO, emissions
were associated with fuels production, and 2.6 GtC/y of CO, emissions were associated with
electricity production. Of the 3.6 GtCly, 1.4 GtC/y was associated with oil for transportation.
The remaining 2.2 GtCl/y, divided remarkable equally between emissions from coal, oil and gas,
is associated with direct uses of fuel, but we do not know how much is associated with
centralized use by industry and how much with decentralized use in buildings. If we assume that
two-thirds is associated with buildings, then on-site dispersed use (buildings and transportation)
would account for almost half of carbon emissions. Continuing to use fossil fuels for such uses,
but capturing and storing the carbon, is almost surely too costly. Carbon mitigation, instead, is
likely to take the form, principally, of the distribution of carbon-free and low-carbon fuels, or the
substitution of electricity.

Not only does fuels use come at large and small unit scale, but so, too, does fuels production.
This leads to three possibilities: 1) large unit scale in both fuels production and fuels use, asin a
steel plant; 2) small unit scale in both fuels production and fuels use, as in home heating from
local woodlots; and 3) large unit scale in fuels production connected via infrastructure to small
unit scale consumption, as in gasoline for vehicles and natural gas for home heating. The same
four approaches that we explored while searching for wedges in the decarbonization of power
also span the options for the decarbonization of fuels:

A) Fuel shifting: Natural gas can replace coal as a source of industrial and domestic heat.

B) Carbon capture and storage: There is a large quantity of residual carbon when coal or
natural gas is transformed into hydrogen fuel, or when coal is transformed into
hydrocarbons. In both cases, the residual carbon can be captured and stored as CO,.

C) Nuclear energy: Fuels derived from fossil fuels can be replaced by nuclear hydrogen.

D) Renewable energy: Fuels derived from fossil fuels can be replaced by biofuels, renewable
electrolytic hydrogen, or solar heat.

All four options compete to provide decarbonized fuels for centralized and decentralized use, but
only the fourth option can provide dispersed fuel without an elaborate infrastructure.

Much of what we have written above about decarbonization of electricity in each of these
categories applies to fuels as well. Below, for each of these four options we introduce only
supplementary material.

A. Fuel shifting: Substituting Natural Gas for Coal in Domestic Heating and Industrial
Processes

Coal is widely used for space heating and cooking in many developing countries. Although the
extent of this direct use of coal is poorly documented, here may be one of the most important
opportunities to have a large positive impact on carbon mitigation and to attack other
environmental and public health problems at the same time. Both the indoor poliution associated
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with poorly ventilated combustion and the outdoor pollution in villages, towns, and cities
associated with low-efficiency decentralized coal burning are notorious. Burning the coal more
efficiently, more cleanly, and with better ventilation can improve the situation, as can burning
coal-derived liquids and gases (synfuels). Given time for natural gas networks to develop, it is
also possible to displace coal with natural gas. There may well be a wedge available in the
displacement of decentralized coal burning by natural gas in the cities and towns of the
developing world, though it may be hard to argue that the wedge is available as a difference
between two credible scenarios. A wedge is not available if, over the next 50 years, the
elimination of decentralized coal burning is regarded as near certain, even in a world where
global carbon does not become a pressing concern.

Coal is also used directly in large centralized applications, notably in steel plants and other
metallurgical plants. Displacing such coal is likely to be one focus of decarbonization. Available
savings available may well be of the scale of a wedge, through a combination of remaining with
coal but capturing and storing the CO, produced on the site, substituting hydrogen for coal, and
substituting natural gas for coal.

The potential for carbon mitigation via modifications of the energy system where coal is used
directly, as best we can determine, is largely unexplored.

B. Synfuels Production and Hydrogen Production with Carbon Capture and Storage:

We discuss two topics in this subsection. We first contend with the possibility that by 2054 oil no
longer dominates the transportation sector, presumably for a combination of geophysical and
geopolitical reasons, and that coal becomes a substantial source of synthetic carbon-bearing
fuels. The impact of such a change in the global energy system for carbon emissions is inherently
negative, but we will see that carbon capture and storage offers the promise of undoing some, if
not all, of this impact. We then introduce hydrogen, first in general and then with specific
reference to hydrogen as a vehicle fuel. This material is intended to serve the two subsequent
subsections as well: nuclear hydrogen and renewables hydrogen. We conclude this subsection
with a discussion of hydrogen vehicle fuel produced from fossil fuels, with the capture and
storage of the accompanying CO,.

Synfuels with Carbon Capture and Storage

Looming over the 2054 energy scene is the possibility that liquid fuels from petroleum will have
become substantially more costly than today, not because of imperfect markets but because of
geophysical factors: the cheaper oil may have been largely extracted. For each 100 GtC of
carbon emissions from oil, 860 billion barrels of oil are extracted from the ground. By 2000, the
world had extracted almost exactly this amount. Estimates of ultimately recoverable
conventional oil currently still in the ground are in the range of 2000 + 1000 billion barrels™.

1t is therefore likely that by 2054 a significant fraction of the fuels used at small unit scale in
vehicles and buildings will not come from conventional oil, but from unconventional oil and
coal. We specifically identify synthetic fuels (synfuels) from coal here. A synfuel, chemically,

2 A good discussion of oil reserve estimates can be found in reference S47, chapter 3. Cumulative consumption by
2000 is estimated as “close to 900 billion barrels (S47, p. 43).
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can be any of the current fuels produced from crude oil and natural gas, or a new “tailored” fuel.
If large-scale synfuels production from coal occurs, the challenge of global carbon management
will become more difficult, because obtaining fuels from coal is significantly more carbon
intensive than obtaining fuels from crude oil. However, CCS provides a way to cancel much of
the extra carbon intensity of coal-based-fuels, relative to oil-based-fuels (548). The reason is that
in the conversion of coal to synfuels, abundant CO, will be produced.

In a modern plant, we estimate that, for each two carbon atoms in coal, one will appear as CO,
and one in the synfuels. Given that assumption, how much synfuels production is associated with
a wedge, when one considers the alternatives of CCS and its absence? A flow of 23.56 mbd of
reference crude oil carries a carbon flow of 1 GtC/y.? If we assume that synfuels and reference
crude oil have approximately the same carbon content and specific gravity, then I GtCly is also
23.56 mbd (rounding off, say, to 25 mbd) for synfuels. We make the rough assumption that, at a
2054 synfuels plant, carbon will leave in equal amounts as vented CO; and as product. In that
case, a carbon flow of 1 GtC/y in synfuels leaves behind at the coal-to-synfuels plant an equal 1
GtCly flow of capturable and storable carbon. It follows that applying CCS rather than venting
the CO, emitted at 25 mbd of synfuels plants is a wedge, if the CCS captures all the carbon, and
a wedge is more like CCS deployed at 30 mbd of synfuels plants with less than perfect capture.

Currently, Sasol produces 165,000 barrels per day of synfuels and chemicals from coal in
Secunda, South Africa, east of Johannesburg (S49). This is the world’s largest synfuels facility,
and it is similar in scale to a typical large refinery. Assuming the average specific gravity and
carbon content of these synfuels is the same as reference crude oil, there is a carbon flow of 7
MtCly in the synfuels leaving the Sasol plant. The Sasol plant is the largest point source of
atmospheric CO, emissions in the world.

Comparing 165,000 barrels per day synfuels production from Sasol’s plants with our estimate
that 1 GtC/y will be available for capture in 2054 from 30 mbd of coal-to-synfuels production, a
wedge is an activity that, over 50 years, achieves the ability to capture the CO; emissions from
180 Sasol-scale coal-to-synfuels plants.

A synfuels plant can be designed to “polygenerate” both electricity and synfuels from coal, and,
as well, to capture and store as CO, the carbon not in the synfuels product. Over time,
polygeneration could evolve to include a greater proportion of hydrogen production (848).

An orientation to hydrogen fuel

Today, the two-way competition between electricity and secondary hydrocarbon fuels plays out
in arenas as disparate as the home water heater and the steel furnace. It is plausible that this two-
way competition will become a three-way competition, with the inclusion of hydrogen fuel. Like
electricity, hydrogen is a secondary fuel. It has to be made from something else, and it can be
made from everything else. Much work is being done to examine how hydrogen may enter the

* The equality of these two carbon flows, 1 GtC/y and 23.56 million barrels of reference crude oil per day (mbd)
links the unit of our carbon discussion with perhaps the world’s most widely used unit of bulk energy flow. This
equality requires only two assumptions about reference crude oil: Its specific gravity is assumed to be 0.860 (API° =
33.0%, and it is assumed to be 85.0% carbon by weight. Also, 1 barrel = 42 gallons = 159 liters. Multiplying by
365.24 days per year, an alternate form of this equality is that 1 GtC is the carbon in 8.605 billion barrels of
reference crude oil.
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energy economy. A recent reference is the National Research Council (NRC) report, The
Hydrogen Economy: Opportunities, Costs, Barriers, and R&D Needs (S38).

Hydrogen is already in widespread use, but as a chemical, not a fuel. Adding hydrogen at a
petroleum refinery improves the product mix, and making hydrogen is a necessary first step in
making ammonia (NH;) and nitrogen fertilizer. Currently these two uses, between them, elicit an
annual production of 40 MtH,. Almost all this hydrogen is made from fossil fuels, because it is
cheaper than hydrogen produced from nuclear energy or renewable energy; production from
fossil fuels does not require the costly intermediate step of electrolysis of water.

The second output when hydrogen is produced from fossil fuels is CO;. In a carbon constrained
world, this will disadvantage fossil fuels as the source of hydrogen, relative to hydrogen
produced from nuclear or renewable energy. Currently, at least 100 MtC is vented annually as
CO,, often at high purity, at H> production sites (S38, Chapter 7). Hydrogen produced with
capture and storage of CO, (CCS hydrogen), discussed above because of the overlap with low-
carbon coal-based power via gasification and CO; capture, will compete with nuclear hydrogen
and renewable hydrogen. A 1 GtC/y carbon flow to the atmosphere in hydrogen production from
fossil fuels is associated with only a ten-fold increase, relative to today, in hydrogen production.
And the technology exists to capture and store this carbon.

CCS hydrogen and nuclear hydrogen can only be produced at large unit scale. Hydrogen
produced at large scale can serve distributed users, like light-duty vehicles and buildings, only if
there is a hydrogen infrastructure connecting the large with the small. Such an infrastructure does
not now exist, and it may be more difficult to create than many other infrastructures. The reason
is that a hydrogen infrastructure to provide fuel to dispersed users is in competition with small-
scale hydrogen production downstream from two other already existing infrastructures: 1) the
electricity infrastructure that facilitates local hydrogen production in small electrolyzers, and 2)
the natural gas infrastructure that facilitates local hydrogen production in small methane
reformers. If the second of these — the small methane reformer ~ dominates hydrogen production,
the CO; generated at such dispersed sites is unlikely to be captured and stored, because of the
diseconomies of CCS at small scale, and hydrogen production will not serve the goals of carbon
mitigation.

An orientation to hydrogen vehicles

As we already saw in Section 2 of the Supporting On-Line Material (Energy Efficiency and
Conservation), a wedge is available from more efficient light-duty vehicles. Specifically, we
considered cars on the road in 2054, driven 10,000 miles per year, and achieving either 60 mpg
or 30 mpg. As in Section 2 of the Supporting On-Line Material, we attribute 3 kgC of carbon
emissions to each gallon of conventional fuel, thereby including a 25% overhead on a fuel
carbon intensity of 2.4 kgC/gallon. Then, these cars emit, annually, either half a ton of carbon (at
60 mpg) or a full ton of carbon (at 30 mpg). A strategy that puts on the road in 2054 two billion
60 mpg cars, instead of two billion 30 mpg cars, is a wedge. Clearly, a second wedge can be
obtained if these two billion 60-mpg cars run on hydrogen, as long as the carbon emissions
associated with the hydrogen production are negligible.

Let us first assume that the substitution of energy as hydrogen for energy as gasoline is one-for-
one. Invoking the useful fact that the energy content (lower heating value) of 1 U.S. gallon of
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gasoline and 1 kg of hydrogen are both almost exactly the same (120 MJ), the one-for-one
assumption, therefore, means one ton of hydrogen fuel backs out three tons of carbon emissions
at the tailpipe. The hydrogen vehicle gets 60 miles per gallon of gasoline equivalent and is driven
10,000 miles per year, so it requires 170 kg of hydrogen fuel per year and backs out 500 kg of
carbon per year in conventional fuels. Two billion cars require 330 million tons of hydrogen per
year and back out 330 billion gallons of gasoline or diesel fuel (containing 1 GtC) per year.

Treating the energy stored in hydrogen and stored in gasoline as equivalent leaves out many
critical issues. Hydrogen scores less well than gasoline from the perspective of safety and
storage. Hydrogen scores better than gasoline, if the full promise of fuel cells can be realized.
The NRC Report postulates that fuel cells deliver a 67% premium in energy efficiency for
hydrogen, relative to hybrid vehicles running on hydrocarbons (838, Chapter 4); 100 mpg-
equivalent fuel cell cars would displace 60 mpg gasoline or diesel cars, for example™. Then,
each kilogram of hydrogen fuel backs out five kilograms of carbon in conventional fuel, and
each 100-mpg-equivalent hydrogen car requires 100 kgH, per year and prevents 500 kgC/y of
tailpipe emissions. Where two billion 60-mpg-equivalent cars required 330 million tons of
hydrogen per year, two billion cars with a fuel economy of 100-mpg-equivalent require 200
million tons of hydrogen per year.

For the remainder of this section, we will assume the hydrogen fuel cell cars achieve 100 mpg-
equivalent, and we will identify several wedges, each associated with a different way of
producing, annually, 200 MtH, of carbon-free hydrogen, or an appropriately larger amount of
low-carbon hydrogen.

CCS hydrogen and CCS-hydrogen vehicles

The NRC report provides flow sheets for a “current” coal-to-hydrogen plant without and with
CCS. For each ton of hydrogen produced, if CO» is not captured, 5.1 tons of carbon as coal flow
through the plant and are vented; if CO; is captured, 5.2 tons of carbon as coal flow through the
plant, of which 4.4 tons of carbon are captured and 0.8 tons of carbon (16%) are vented (838,
Appendix E). Thus, if over the next 50 years, we move to a hydrogen economy with coal as the
workhorse for hydrogen production, for each ton of hydrogen produced, the venting of 4.3 tons
of carbon is at stake in the decision to deploy CCS technology, rather than to vent the CO,, at
coal-to-hydrogen plants. For each 230 million tons of hydrogen produced from coal in 2054, a
wedge is at stake in the decision to deploy CCS technology. The NRC plants are large: the
hydrogen production rate is 1200 tHy/day. A wedge is at stake in the decision to deploy CCS at
500 of these plants.

The NRC report also provides flow sheets for “current” natural-gas-to-hydrogen plants without
and with CCS. The NRC data can be anticipated knowing only that half as much CO; is
produced per unit of energy from natural gas as from coal: For each ton of hydrogen produced, if
CO; is not captured, 2.5 tons of carbon as coal flow through the plant and are vented; if CO; is
captured, 2.8 tons of carbon as coal flow through the plant, of which 2.3 tons of carbon are
captured and 0.4 tons of carbon (16%) are vented (S38, Appendix E). Continuing the reasoning
of the previous paragraph, if over the next 50 years, we move to a hydrogen economy with
natural gas as the workhorse for hydrogen production, for each ton of hydrogen produced, the

% The fuel economies of the NRC hybrid and fuel cell vehicles in 2050 are somewhat less: 50 and 83 mpg,
respectively (S38, Chapter 4).
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venting of 2.1 tons of carbon is at stake in the decision to deploy CCS technology, and for each
480 million tons of hydrogen produced, a wedge is at stake in the decision to deploy CCS
technology. The NRC natural-gas-to-hydrogen plants also have a 1200 tHy/day capacity. A
wedge is at stake in the decision to deploy CCS at 1100 of these plants.

Although, under the assumptions above, 200 MtH, of carbon-free hydrogen can create a wedge
by backing out conventional hydrocarbon vehicle fuel in two billion 60-mpg cars in 2054, how

much more hydrogen needs to be produced, for how many additional vehicles, when one takes

into account that CCS hydrogen is not completely carbon free?

Annually, each 100 mpg car requires 100 kgH,, and 80 kgC is emitted at the coal plant when this
hydrogen is produced. Then, the net atmospheric carbon emissions reduction in displacing a 60
mpg gasoline car with a 100 mpg-equivalent hydrogen is 420 kgCly. To eliminate 1 GtC/y of
emissions, therefore, requires changing not two billion, but 2.4 billion cars. A flow to the
atmosphere at tailpipes of 1.2 GtCly is replaced by a flow of carbon into CCS coal plants of 1.4
GtCly, a flow into the atmosphere at CCS coal plants of 0.2 GtC/y, and a flow from the CCS coal
plants into storage of 1.2 GtC/y. The net flow to the atmosphere is 1 GtCly less.

The objective of hydrogen production from fossil fuels is to transfer as much of the energy
content of the fossil fuel to the hydrogen as is consistent with optimizing the plant economics.
Adding the objective of CO, capture complicates the optimization and increases the costs.
However, most of the plant components required to capture CO, are already required to produce
hydrogen. For example, the shift reactor (see Section 1B, above) required for CCS is needed for
hydrogen production without CCS, but not for power production without CCS. As a result, the
fractional cost increment for CCS is substantially smaller in hydrogen production than in
electricity production (S38, Chapter 8 and Appendix E).

C. Nuclear electrolytic hydrogen

An orientation to carbon-free hydrogen, applicable to both nuclear and renewable primary
sources

Non-carbon energy offers opportunities to carve wedges out of the 2054 carbon economy not
only by producing electricity that displaces fossil-energy-based electricity (discussed earlier), but
also by producing hydrogen that displaces fossil-energy-based fluid fuels. The non-carbon
energy can be either nuclear energy or renewable energy. In both cases, there are two ways of
producing hydrogen: 1) via chemical cycles that require high-temperature heat, after first
producing that high temperature heat, and 2) by the electrolysis of water, after first producing
electricity.

The nuclear power plant capable of delivering heat at sufficiently high temperatures to run the
chemical cycles identified thus far (roughly, 900°C) is not yet proven, nor has high-temperature
heat from focusing solar collectors been shown to lead to competitive hydrogen. A good, recent
review of nuclear hydrogen, including hydrogen via high-temperature cycles, is available (S38,
Chapter 8). If high-temperature nuclear reactors can be developed, they will be capable of
producing hydrogen at higher efficiency (hydrogen out divided by nuclear power in) than the
route to hydrogen via electrolysis.
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Like CCS hydrogen, nuclear thermal hydrogen will be produced only at large unit scale. By
contrast, if hydrogen is to be made electrolytically from electricity on the grid, the unit scale of
the electricity generator does not determine the unit scale of production of hydrogen. Instead, the
unit scale of production of hydrogen will be determined by the unit scale of the electrolyzer. The
scale for which the NRC Report develops flow sheets for electrolysis is 480 kilograms of
hydrogen per day, 2500 times smaller than the scale of production of hydrogen from coal plants
with CCS.

The “present” electrolyzer in the NRC Report is assumed to produce 1 kg of hydrogen from 52.5
kWh of electricity, or 19 grams of hydrogen per kWh, an efficiency of 75% based on the higher
heating value of hydrogen, or 63.5% based on its lower heating value, Then, in the vehicle
substitution strategy that we have been considering where 1 kg of carbon-free hydrogen backs
out 5 kg of carbon, each 1 kWh of carbon-free electricity backs out 95 g of carbon.

Given carbon-free electricity, can carbon emissions be reduced more by directly backing out
coal in a power plant or by making hydrogen and backing out gasoline or diesel?

The same kWh of carbon-free electricity just considered, which we directed toward hydrogen
production for a fuel-cell car, instead could have backed out coal power. Which strategy backs
out more carbon: Using a carbon-free kWh to make hydrogen for a 100 mpg fuel-cell car that
removes a 60 mpg vehicle from the road, or using a carbon-free kWh to make electricity that
keeps a coal power plant from running?

Suppose the same carbon-free kWh had been used to back out a kWh produced in one of the
reference 50%-efficient coal power plants discussed above. Earlier, we worked out that each
kWh at the coal plant produced 186 g of carbon emissions, so each carbon-free kWh used to
produce electricity avoids 186 g of carbon emissions that would have been emitted at a coal
plant. Here, we just worked out, each carbon-free kWh used to produce hydrogen avoids 95 g
carbon that would have been emitted by a gasoline engine. Thus, we have the intriguing result
that carbon-free electricity reduces carbon emissions twice as effectively when directed toward
the displacement of coal-based electricity than when directed toward the displacement of
gasoline fuel via electrolytic hydrogen.

The factor of two advantage of the coal-substitution strategy over the gasoline-substitution
strategy for carbon-free electricity is the result of three assumptions: coal power plant lower-
heating-value efficiency (C), electrolyzer Jower-heating-value efficiency (E), and premium for
hydrogen fuel, expressed as the number of kg C displaced by 1 kg H (R), all dimensionless
numbers. The relative advantage of the coal strategy over the gasoline strategy in reducing
carbon emissions — let’s call it, the “electricity preference factor” — turns out to be 3.1/(CxExR).
For our particular assumptions, C = 0.5, E = 0.635, and R = 5, the electricity preference factor is
1.9, or, approximately, two.

The electricity preference factor is more than a factor of two, if either C or E or R is less, relative
to our inputs, while the other two are unchanged. The electricity preference factor is more than
two, if C is less than 0.5, i.e., if the coal plant is less than 50% efficient, because then more coal
is backed out. The electricity preference factor is more than two, if E is less than 0.635, because,
with a less efficient electrolyzer, less hydrogen fuel is made. The electricity preference factor is
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more than two, if the multiplier is less than five for hydrogen in a fuel-cell vehicle relative to a
gasoline vehicle, which would result, for example, if the fuel cell car is less spectacular.

We turn this comparison into a comparison of alternative wedges. We have considered three
wedges that could be achieved starting from carbon-free electricity: 1) a wedge via carbon-free
electricity displacing coal-based electricity; 2} a wedge via carbon-free electricity displacing
natural-gas-based electricity; and 3) a wedge via carbon-free electrolytic hydrogen displacing
conventional vehicle fuel. The first wedge is the most effective, requiring 5400 TWh'y. The
second and third wedges are about equally demanding: the second wedge requires 10,800
TWh/y. The third wedge requires 100 kgH; per car per year in two billion cars, or 200 MtH,/y.
To produce such a wedge using our electrolyzer requires about 10,000 TWh/y of carbon-free
electricity.

Nuclear electrolytic hydrogen is carbon-free hydrogen, except to the extent that fossil energy is
used in the nuclear fuel cycle, in plant construction, etc. Assuming such “net carbon” issues can
be neglected, all of the calculations above for carbon-free hydrogen apply. A wedge via nuclear
electrolytic hydrogen used in very efficient fuel cell cars requires 10,000 TWh of annual nuclear
power by 2054. This is four times the rate of production of nuclear power in 2000, 2600TWh/y, a
statistic quoted earlier (833, p. 411). Assuming nuclear plants with 90% capacity, a wedge
requires the hydrogen produced from 1300 1 GW plants.

Compare with our earlier result that a wedge is 700 1 GW nuclear plants displacing coal power.
We see the factor of two advantage of coal displacement relative to gasoline displacement at
work here: it takes twice as much nuclear power to achieve a wedge via electrolytic hydrogen for
fuel cell cars as via direct substitution for coal power.

Carbon emissions when grid-based electricity produces hydrogen

One can make hydrogen from coal either by the thermochemical processes discussed above or by
electrolysis. The thermochemical route from coal to hydrogen yields 1 kgH, from 35 kgC in coal.
The electrolysis route from coal to hydrogen produces 1 kWh from 186 gC in coal, and then
requires 52.5 kWh for the electrolyzer to produce 1 kgHy; as a result, the electrolytic route yields
one kg H; from 10 kgC in coal. Thus, the thermochemical route from coal to hydrogen is twice
as efficient as the electrolysis route.

Suppose we use grid electricity, rather than carbon-free electricity, to power the electrolyzer.
Grid electricity averages over all sources. In 2000, 15,400 TWh of electricity were produced
from all sources, and a total of 2.36 GtC was emitted to the atmosphere from all plants with
fossil fuel sources (S33, pp. 410 and 411), resulting in an average carbon intensity for the current
grid of 153 gC/kWh. Our electrolyzer, which uses 52.5 kWh to produce 1 kgH,, results in the
emission of 8.0 kgC when it produces 1 kgH, from grid electricity. This is more carbon than the
5 kg of tailpipe carbon displaced by | kg H; as fuel (for our strategy where 100 mpg-equivalent
hydrogen fuel cell cars replace 60 mpg gasoline cars). Globally averaged grid electricity at
present is too carbon rich to be a source of carbon savings via electrolytic hydrogen and fuel cell
cars. Of course, there will be many local situations where completely carbon-free or relatively
carbon-free electricity is available.
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D. Renewable Fuel: Renewable Hydrogen, Solar Heat, Sustainable Biofuels

We discuss three ways in which renewable energy can produce wedges by decarbonizing fuel.
Hydropower, wind power, and photovoltaic electricity can produce hydrogen via electrolysis.
Direct sunlight can provide heat that backs out fossil fuels used for space and water heating in
buildings. And, plant matter (biomass) can be converted into fuels.

Electrolytic hydrogen from renewables

Electrolyzers producing hydrogen do not know the difference between renewable electricity,
nuclear electricity, and other sources of electricity. Thus, the result above, that 1 kg of hydrogen
can be produce from 52.5 kWh of electricity, based on the NRC electrolyzer, holds for renewable
energy as well. A wedge from our car substitution strategy requires 10,000 TWh/y of renewable
electricity. This may be compared to the 2002 global rate of production of electricity from
hydropower, 2650 TWh/y, four times less and almost exactly the same as the rate of production
of electricity from nuclear energy (S33, p. 411).

While nuclear electricity comes only at large unit scale and must be grid-connected, renewable
electricity comes at all scales. It can produce distributed power, and it can produce grid-
independent power. A wedge from 10,000 TWh/y of renewable electricity making hydrogen that
eliminates tailpipe carbon emissions could be produced by four million 1 MW, windmills or four
hundred million 10 kW, photovoltaic arrays, operating at 30 percent capacity factor.

Solar heat

One can associate each use of fuel with a temperature required to meet the need that the fuel is
serving. Two of the most important uses of fuel, from the standpoint of carbon emissions, are
heating of living spaces and heating of water, and both involve supplying heat at a temperature
not very different from nearby “ambient” temperatures (the temperatures of nearby outside air or
ground water, for example)”’. The jobs of space heating and water heating rarely involve
boosting the temperature, relative to ambient temperature, more than 50°C. Thermodynamics
identifies the combustion of fuels for such purposes as intrinsically inefficient (S50). Wedges are
available from displacing carbon emissions from the chimney, just as they are available from
displacing carbon emissions from the tailpipe.

We commented earlier in this section that the heat pump, in principle, offers significant carbon
savings in space and water heating. We poted in Section 2 of the Supporting On-Line Material
that the insulation of buildings offers similarly large savings. Here we note that still a third
strategy is to pursue passive and active solar energy management, the domain of solar
architecture, to heat buildings in winter and to heat water year round. A full wedge is probably
available from judicious combinations of solar design, careful construction, substantial
insulation, and broad use of efficient heat pumps. Detailed estimates remain to be done.

Sustainable biofuels

7 To quantify how “different” one temperature is from another temperature, one must introduce the concept of
absolute temperature, which is 273 degrees higher than Celsius temperature. The transfer of heat from outside air at
0°C to hot water at 50°C is a fractional increase in its absolute temperature of 50/273, or 18%.
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At least one wedge is probably available from each of two distinctly different strategies
involving changes to vegetation. One can enlarge the stock of carbon in vegetation (enlarging the
carbon stored in forests, for example), thereby drawing down the stock of carbon in the
atmosphere. This topic will be addressed in Section 4 on the Supporting On-Line Material
(Forests and Agricultural Soils). It is also possible to replace fossil fuels with fluid fuels
produced directly from plant matter (biomass) that is grown sustainably. In the latter case, the
use of “biofuels” makes no net addition of CO, to the atmosphere; the biofuels oxidized for
energy deliberately through technology would have decayed (oxidized) elsewhere anyway (wood
on the forest floor, for example). A sustainable biofuel is one obtained from plants that are
replaced by new plants at the same rate as they are used.

A hectare of land used to produce biofuels has the potential to have a larger effect on the
atmospheric carbon balance than a hectare of land used as a carbon sink. There are two reasons:
1) Most of the new carbon fixed by vegetation each year is allocated to construct short-lived and
fast~decomposing tissue, such as leaves and fine roots. Because of its short residence time in
ecosystems, such tissue cannot contribute substantially to a carbon sink, but it can be collected
and used to produce biofuels. 2) A hectare of land dedicated to biofuels can produce these fuels
indefinitely, displacing a stream of fossil carbon indefinitely, whereas a hectare of land used as a
carbon sink has a certain capacity to store carbon and then its contribution to carbon accounts
“saturates.”

Examples of biofuels crops include switchgrass, sugarcane, and corn (S51). A good yield from
such annually harvested species is 15 dry tons (dt) per hectare per year. Dry biomass is about
50% carbon by weight, so the carbon yield is 7.5 tC/ha-y, and the yield from 130 million
hectares (Mha) dedicated to such biofuels (biofuels plantations) is 1 GtC/y. This is 10 percent of
today’s 1500 Mha of total cropland.

The energy content of biomass fuel is between 15 and 20 GJ/dt. (The lower value is appropriate
for crops, the higher value for wood.) Thus, a good energy harvest is about 200 to 300 GJ/ha-y.
This harvest may be restated as 0.7 W/m® to 1.0 W/m®. Comparing this harvest with annually
averaged incident sunlight, typically 250 W/m?, the harvest is seen to convert 0.3 to 0.4 percent
of incident sunlight. Such a low conversion rate, even for a high-yield species, is confirmation
that the conversion of incident sunlight via photosynthesis has been only one of many objectives
of green-plant evolution. Accordingly, there is considerable headroom for genetic engineering to
improve substantially on such yields with organisms designed to convert sunlight efficiently into
fuel (artificial photosynthesis), greatly reducing the land demands for a future wedge from
artificial biofuels, relative to biofuels from nature’s plants.

How are biofuels likely to be used? The current energy economy demonstrates clearly that liquid
and gaseous fuels that contain carbon are the most valuable forms of energy. We should
anticipate that biomass will be transformed preferentially into biofuels, rather than into
electricity or hydrogen. As discussed earlier in this Section, biomass conversion into electricity
could also become significant, via distributed production and via co-firing with coal. But
biomass conversion to hydrogen is unlikely to become important. Hydrogen is not an
intrinsically desirable fuel. Its virtue, from a climate perspective is that it does not contain fossil
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carbon and can be produced with relatively low fossil-carbon emissions. Biofuels already share
this virtue™,

The International Energy Agency estimates that the total energy in biomass providing “primary
energy” for human needs in 2000 was 45 EJ, roughly 10% of that year’s total primary energy
(420 EJ). 1t further estimates that the non-OECD countries accounted for 85% of this bioenergy
(833, p.411). Most non-OECD bioenergy consumption is “traditional biomass,” including
firewood, crop wastes, dung, and charcoal. In both the OECD and non-OECD countries, there is
a substantial contribution from wood waste in commercial forestry.

Currently, the principal “modern” biofuel is ethanol. In 2002, global fuel ethanol production was
22 billion liters/y, or 380,000 barrels per day, 95% of which was produced in two large national
programs: by Brazil (from sugarcane) and by the U.S. (from corn). In both cases, the ethanol is
used as automobile fuel, backing out petroleum products. The production rate in Brazil in 2002
for fuel ethanol was 12.6 billion liters/y, or 220,000 barrels per day (S52), about equally in
anhydrous and hydrated forms (853)”. The production rate in the U.S. in 2002 was 8.2 billion
liters/y (852), or 140,000 barrels per daym. In the U.S., ethanol accounted for about one percent
of the energy content of vehicle fuels (S55); it was used in 12 percent of fuel at 10% blend.
Taking 21.1 MJ to be the energy available in a liter of ethanol®', 0.46 EJ/y is the primary energy
production associated with 2002 global ethanol production, which is 1% of all primary biomass
energy, and 0.1% of all primary energy. Since ethanol is 52% carbon, a liter of ethanol contains
0.41 kgC,* and a galion of ethanol contains 1.55 kgC, about two-thirds of the volumetric carbon
content of gasoline or diesel fuel. The current ethanol flow of 22 billion liters per year is a
renewable carbon flow of 9 MtC/y, not much larger than the non-renewable carbon flow in
Sasol’s coal-derived synfuels (7 MtCly, see above). The 2002 renewable carbon flows in Brazil’s
and the U.S.’s ethanol programs were 5.2 and 3.4 MtC/y, respectively.

Ethanol is currently the principal modern biofuel, because in the natural world there are bacteria
that can produce ethanol by fermentation with high selectivity. A world with extensive biofuels
production can be expected to produce a wide range of biofuels, including methanol, dimethyl
ether (DME), and “biodiesel” fuels*,

What amount of land produces a wedge, when its harvest of fast-growing biomass is converted to
ethanol that backs out conventional vehicle fuels? We assume that ethanol is produced from

% Another “driver” of the energy economy toward hydrogen in many countries is hydrogen’s ability to reduce
dependence on imported oil and gas, when hydrogen is made from domestic energy sources. Biomass shares this
advantage too.

% Brazil’s 2002-2003 total rate of consumption of ethanol, 12.5 billion liters/y, is the sum of: 1) 5.6 billion litersfy
as hydrated ethanol, blended into ail gasoline sold in Brazil at a percentage in the low 20s, and 2) 7.0 billion liters/y
as anhydrous ethanol, used in engines adapted for pure ethanol (S53).

* A different source reports that in 2003 U.S. fuel ethanol production was 10.6 biltion liters/y (S54), or 180,000
barrels per day.

*! The lower heating value (LHV) heat of combustion of liquid ethanol is 26.8 MJ/kg, and its specific gravity is
0.789. Then, the heat released (LHV) in the ethanol combustion 21.1 MJ/liter; equivalently, the combustion of 48
liters of ethanol release 1 GJ.

32 We again use the specific gravity of ethanol, 0.789.

** The term “biodiesel” is confined to esters of natural vegetable oils. Biodiesel production is expanding rapidly in
Europe. An annual biodiese! production capacity of 1.4 billion liters in Europe and 1.5 biltion liters globally was in
place in 2002 (§52).
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biomass with 50% energy conversion efficiency. Then, 100 to 150 GJ of ethanol, or 5000 to
7000 liters of ethanol, are produced per hectare™. We further assume that engines designed for
ethanol, taking advantage of its high octane rating, can convert fuel energy into energy for
driving 25% more efficiently than engines designed for conventional fuel, at the same level of
engine engineering. Our reference fuel-efficient conventional vehicle, again, is driven 10,000
miles per year with 60 mpg fuel economy, and so uses, annually, 167 gallons of gasoline. The
energy content of this gasoline is 20 GJ. Then, annually, the ethanol car will use 16 GJ of
ethanol, produced from 32 GJ of biomass. Assuming an average value of 250 GJ biomass yield
per hectare, one-eighth of a hectare of dedicated land will be required for each car®.

Using, as above, 3 kgC/gallon for conventional fuels (which includes 25% carbon overheads in
fuels production), the carbon saved annually per car is half a ton. A wedge is the replacement, by
2054, of a fleet of 2 billion reference cars running on conventional fuels by cars fueled by
ethanol. The ethanol for a wedge is produced from high-yield energy crops grown on 250 million
hectares, an area equal to one-sixth of the world’s cropland. It is an ethanol program producing
1000 billion liters of ethanol per year, which is roughly 100 times larger than the current
Brazilian or U.S. program, or 50 times larger than the total global program.

Much of the land that would have to be dedicated to annually harvested biofuels crops to gain a
wedge would also be suitable for conventional agriculture, Land resources can be stretched by
obtaining biofuels from residues of commercial crops (examples include bagasse from
sugarcane, corn stover, and rice husks) and from harvest and mill residues of forest plantations.

Not included here are CO, emissions associated with fossil-carbon inputs accompanying ethanol
production (inputs for feedstock production and for conversion of feedstock to ethanol). The
ratio of fossil fuel input to ethanol output currently ranges from about 10% for Brazilian sugar to
near unity for U.S. comn {S§52).

Biofuels production has one special feature often mentioned in connection with carbon
management: If biomass is co-fired with coal in coal power plants with CCS or in coal-to-
hydrogen plants with CCS, the carbon removed from the atmosphere during biomass growth
ends up below ground. Via biomass, the atmosphere is scrubbed of CO,. Atmospheric scrubbing
via biomass conversion with CCS is likely to remain a small activity, however, if one accepts
that biofuels, not electricity or hydrogen, are the preferred products of biomass production, and
that most biomass energy conversion is likely to be at a smaller scale than is required for CCS.*¢

Large-scale scrubbing of CO, from the atmosphere may be feasible someday, not via storage of
CO; containing the carbon “captured” by biomass, but via storage of CO; captured directly from

3% This value of ethanol production per hectare per year is similar to Brazil’s today from sugarcane, and twice the
value in the U.S. today from corn (852).

3% The annual carbon flow per car is as follows: one-eighth of a hectare of biomass is, equivalently, 30 GJ, 2 tons, or
800 kgC. From the 800 kgC in biomass we produce 300 kgC in ethanol which backs out 400 kgC in gasoline.
Including carbon overheads on the gasoline, 500 kgC of gasoline-related fossil-carbon are not emitted to the
atmosphere. (Here, gasoline is 85% carbon, its LHV heat of combustion is 43 GI#t, and its specific gravity is 0.74.)
3 If the biomass feedstock has a higher C/H ratio than the biofuel product, there may be a CO; coproduct. For
example, the C/H ratio of biomass - approximately, CH20 — is 0.50, which is higher than the C/H ratio of ethanol
(C,HsOH), which is 0.33. A simplified ethanol production reaction produces excess CO,: 3 CH,0 = C;H;OH +
CO, + H,0. Therefore, biofuels production at very large scale could provide be an opportunity for carbon capture
and storage.
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the air at large dedicated chemical absorption facilities (856, S57). Such air scrubbing
technology, like nuclear fusion electricity, nuclear thermal hydrogen, and artificial
photosynthesis, may provide “second-period wedges” in the second half of the century. All of
these technologies have the potential to reduce 2104 carbon emissions by 1 GtC/y or more, and
to reduce carbon emissions over the interval 2054-2014 by 25 GtC or more, relative to some
plausible BAU for 2054-2104. But they probably do not have the potential to provide “first-
period wedges” in 2004-2054, the subject of this paper. Assigning technologies to “first-period
wedges” and “second-period wedges” may be a fruitful exercise.

Putting It All Together

The emissions profile of any specific carbon-responsive global economy can be described by a
3x3 carbon emission matrix for 2054 (three fuels, three sectors of the energy economy), like the
two matrices presented at the beginning of this section (Tables S3 and S4). In particular, if the
Business As Usual world in 2054 is chosen to be the 14 GtC/y matrix displayed in Table S4, then
the carbon-responsive world is found by removing seven GtCly from the entries in that matrix.
The sum of the entries in the new matrix (all in GtC/y) will be seven®’.

We have introduced a large number of wedges that might be developed over the next fifty years
as global carbon mitigation strategies. The number of different ways of choosing the seven
wedges to fill the stabilization triangle is very large. Some strategies capable of providing one
wedge may be able to provide two wedges. Some wedges included in one person’s Stabilization
Triangle will be considered part of Business As Usual by another person.

To stimulate discussion, we introduce a carbon-responsive matrix here, displayed in Table S5
and in Figure 82, bottom right. Here, as before, we restrict ourselves to integer entries. Relative
to Table S4, of the three fuels, it is coal whose emissions we have most sharply reduced. Of the
three sectors, it is transportation whose emissions we have least sharply reduced. Natural gas
continues to provide fuel for high-value distributed uses, where carbon emissions are at too small
a unit scale to be captured and stored. The extensive use of decentralized coal in developing
countries for space heating has come to an end.

Many combinations of wedges to decarbonize the electricity sector are compatible with the top
row of this 3x3 matrix. From the entries in the first row, one cannot infer the relative
contributions of end use efficiency, nuclear power, renewable power, and CCS technology.
Similarly, from the entries in the third row, one cannot discern the relative roles of efficiency,
solar architecture, and industrial hydrogen in reducing carbon emissions from direct fuel use.

One can easily argue the merits of a transfer of one unit of emissions from one matrix element to
another in Table S5. We note in particular that by placing a / where coal intersects transportation
we are asserting that synfuels will be used extensively for transportation. Here, we are being
consistent with the 14 GtC/y 3x3 BAU matrix proposed at the beginning of this section, where
the same assumption was made. A world where synfuels from coal are not a significant source of

37 An exception arises if one wedge or more is obtained by the storage of carbon in the biosphere, as discussed in the
Supporting On-Line Material, Section 4. In this case, the sum of the entries in the matrix of 2054 carbon emissions
can be more than seven. Each wedge of carbon storage in the biosphere allows an additional 1 GtC/y of emissions in
2054.
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vehicle fuel would have a 3 where oil and transportation intersect and a blank entry where coal
and transportation intersect.

Table S5, and any corresponding table the reader may propose, says nothing about how such
wholesale decarbonization is to be accomplished. Industrial structures, carbon policies, targeted
subsidies, international relationships, geophysical realities, research and development priorities,
changes in behavior and values, and other crucial factors remain unspecified.
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SECTION 4: FORESTS AND AGRICULTURAL SOILS

When evaluating methods of biological carbon sequestration, it is important to remember that
ecological carbon reservoirs are dynamic. Each carbon atom taken from the atmosphere by the
growth of a newly planted forest will eventually return to the atmosphere when the tissue that
contains it dies and decomposes. Thus, biological sequestration occurs only if the size of an
ecological carbon pool is permanently increased by a net transfer of carbon from the atmosphere
to an ecosystem. For example, suppose that a region of cropland is converted into a mosaic of
periodically harvested plantation forests, with an even age distribution of forest stands ranging
from those newly harvested to those just before harvest. This conversion will remove carbon
from the atmosphere because the total mass of carbon (living and undecomposed organic matter)
in a mosaic of plantation forests is larger than the mass of carbon in cropland. The difference in
carbon mass (plantation mosaic minus cropland) represents a one-time net transfer of carbon
from the atmosphere to the land, even though each patch of forest in the plantation mosaic is
periodically harvested.

The dynamic nature of ecological carbon pools also implies that options of biological
sequestration cannot be relied upon indefinitely, simply because the sizes of ecological carbon
pools cannot be increased forever.

Reduced Tropical Deforestation

The 1.5 billion hectares of tropical forests contain 7-10 wedges worth of carbon in living trees
and another 5-9 wedges in soils (510, S58-S61). When primary forest (forest that has never been
logged) is converted to permanent cropland, all of the 120-165 tC/ha in living trees (810, S59,
S60) and up to one third of the 83-130 tC/ha in the top 1 meter of soil is emitted to the
atmosphere (S10, S59, S60, S62, S63). Conversion to pasture emits the carbon in trees, but may
actually increase soil carbon by up to 10% (S64).

Section 1 of the Supporting On-Line Material and (S10) review the current controversy about the
size of the carbon source caused by tropical deforestation. Briefly, a recent satellite survey
concludes that a net of ~ 6 million hectares of tropical forest were lost per year in the 1990°s
(811 and see S12), whereas surveys based on FAO statistics (S65) conclude that loss rates were
twice this high. This leads to a factor of two difference in emissions to the atmosphere: ~1 vs, ~2
GtCly (S10).

We make the conservative assumption that deforestation emissions are ~1GtC/y and that they
will decrease linearly by one half in fifty years (see Section 1, above). Thus, half a wedge could
be achieved by cutting deforestation to zero in fifty years. On the other hand, if deforestation
losses were 2 GtCly, then elimination of deforestation by 2054, relative to elimination of half of
deforestation by 2054, would create a full wedge. Previous studies that rely on relatively large
estimates of deforestation losses (S62, S63) have also concluded that approximately one wedge
could be filled by reduced tropical deforestation by 2050.

Approximately 40% of current tropical deforestation is in Latin America, and approximately

30% each in Africa and Asia (863). According to S66, the primary causes of deforestation differ
among the continents, with pasture for cattle dominating in Latin America, fuel wood and
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cropland co-dominating in Africa, and cropland dominating in Asia. Thus, future decreases in
deforestation would imply reduced future land area in food production.

Temperate and Boreal Forest Sink

Forest clearance, primarily for cropland, was responsible for 87% of the net of 136+55 GtC
transferred from the terrestrial biosphere to the atmosphere from 1850 to 1998 (S62). A small
portion of these net emissions is now being reclaimed because of changes in land use in the
temperate and boreal zones. The forest sink in the United States, Canada, Russia, and Europe is
approximately 0.7 GtC/y, but with wide uncertainty (S8). The largest contributor is the United
States (0.3 GtCly), where the sink is caused primarily by land use change (S14, S67, S68). For
example, over the last 50 years in the eastern United States, the annual increase in above-ground
carbon in wood (0.3 GtC/y) was larger than harvest by 0.1 GtCly {S67). Growth rates do not
appear to have increased because of CO; fertilization in these forests (S14). Even if models of
CO, fertilization were correct (see S69), the few percent increase in growth predicted because of
CO; fertilization would not be enough to overturn the conclusion that the sink is caused
overwhelmingly by agricultural abandonment and harvest practices. Although increasing growth
rates are observed in some European forests, these are also probably due to changes in
management (S70).

There are three ways to increase the northern forest sink. One could increase the carbon gain rate
of existing forests, decrease the carbon loss rates, or increase forest area. The IPCC (862, S63)
proposes all three, and estimates that 60% of a wedge could be obtained from northern forests.
However, a large fraction of this increase would come from controlling fire and insect pests to
decrease carbon loss rates (see Figure 4.8 in S63). Although it is feasible to increase carbon
storage in this way, the option is unusual, in that fire and pest control would have to continue
effectively forever. By simply relaxing effort, all of the newly stored carbon would return to the
atmosphere. (Other options, such as reforestation, could alse be reversed, but only if an action,
clear-cutting, were taken.) For this reason, we do not include pest and fire management in our
analysis, and we conclude that substantially less than a wedge is available from changing the
management of temperate and boreal forests, at least using technology that is already deployed at
large scale today.

The half wedge mentioned in the text from reforestation or afforestation is calculated from the
following simple model of the build-up of carbon in forests after planting:

') = S— CH/R,

where C(t) [tC/ha] is the wood carbon stored per forest area at a time ¢ [years) after planting,
C'(1) {tC/ha-y] is its rate of change, S [tC/ha-y] is the rate of wood carbon gain per forest area,
and R [years] is the residence time of carbon in the ecosystem. We assume the forest gains
carbon at a constant rate, so S is independent of time. Then, the wood carbon climbs to a plateau,
C(t) ~ RS, after many multiples of R. The net increase in stored wood declines steadily:

') = se'®

We define the sink at the end of the period of interest, T [years], to be K [tC/y]. (For a half
wedge, 7= 50 years and K = 0.5 GtC/y.) We further define 4(2) [ha] to be the amount of land in
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forest at time t, and P(#) [ba/year] to be the rate of planting: P(z) = A'(1). We find the rate of
planting by requiring the total sink to grow linearly at all intermediate times: at time ¢, the sink is
(K/T)t.

Equating the total sink at time t to the integral over the contribution to the sink from all previous
times of planting (y):

KUT = 1" [PO) x C'(t-p) Jdy,

or, (K/STHte™ = o] ' [P(y) x & Jdy,

Differentiating both sides yields the planting rate at time #;
P = (K/IST)[1 + t/R]

The planting rate increases, to compensate for the older average age of the forests already
established. The planting rate increases linearly. The total area planted by time T is:

A =,ITP@dt = (K/S)[1 + T/(2R)]

Typical values for the tropics are R = 50 years and S = 3 tC/ha-y; typical values for the temperate
zone are R = 100 years and S = 1.5 tC/ha-y. Inserting T = 50 years and K = 0.5 GtC/y, we find
that a half-wedge can be obtained by reforestation and afforestation of 250 Mha of tropical forest
by 2054: the initial planting rate is 3.3 Mha/y, by 2054 the planting rate is 6.7 Mha/y, and over
the 50 years the average planting rate is 5 Mha/y. A half-wedge can also be obtained by
reforestation and afforestation of 417 Mha of temperate forest by 2054 the initial planting rate is
6.7 Mhaly, by 2054 the planting rate is 10 Mha/y, and over the 50 years the average planting rate
is 8.3 Mha/y.

The half wedge mentioned in the text from storage of carbon on new plantations is calculated as
follows. We assume that plantations gain carbon at a roughly constant rate, Z, [tC/ha-y], from
planting through harvest, and that the number of years between harvests is r [y]. We assume a
mosaic of plantations of area 4 [ha], with a uniform age distribution, so the mosaic contains a
AZr/2 tons of carbon. By 2054, these plantations need to store 12.5 GtC to contribute half a
wedge. This requires 25/Zr billion hectares of new plantations to be established by 2054. Note
that the product, Zr, is simply the yield at harvest. If the yield at harvest is 80 tC/ha, then 313
million hectares of plantations have to be established by 2054 to achieve the half wedge. The
current rate of formation of new plantations, 3.2 million hectares per year (S62), if continued for
50 years on previously unforested land, is already sufficient to create one quarter of a wedge.
Also, 313 million hectares is approximately five times larger than the current 61 million hectares
in plantations (862, $65).

Agricultural Soils
Conversion of natural vegetation to annually tilled cropland results in the loss, on average, of one
third of the soil carbon if the land was formerly forested, and of one half of the soil carbon if the

land was formerly in grassland or pasture ($62, S64). Over historical time, approximately 55 Gt
of carbon has been lost on the 1600 million hectares of cropland (8§58, S63).
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Soil carbon loss can be reversed by techniques that increase the rate of carbon input into
agricultural soils or decrease the rate of carbon loss. The former include techniques to reduce the
period of bare fallow and the planting of cover crops. The latter include conservation tillage
practices that reduce aeration of the soil, such as no till, ridge till, or chisel plow planting (S62,
S71). Experiments have shown that it is possible to reverse the loss of soil carbon on croplands
with these techniques (S71- §73) and to store carbon at an average rate of 0.3-0.6 t/ha-y over a
period of several decades (862, $72-874). The lower storage rate, if it could be continued for 50
years, would store the 25 GtC required to contribute a wedge if it were applied to all cropland.

Soil management strategies that increase soil carbon are already widely adopted. Conservation
tillage alone had been adopted on 110 million hectares by 1995 (874). The IPCC estimated that
up to a wedge (up to 22-29 GtC) could be filled by management of existing agricultural soils
(S63, 875).

42



152

Figure S1 (A)
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Figure S1. (A) The six stabilization emissions scenarios, and the Business As Usual (BAU)
emissions scenario used in this study. The “delayed reduction” scenarios depart from BAU
emissions between 2005 and 2010; they are identical to the “WRE?” series stabilization scenarios
(S19-821) except that they follow historical and BAU emissions that have been updated since
those scenarios were constructed, and the imposed atmospheric CO» concentrations in 2050 have
been lowered by 5 ppm (for the 450 ppm scenario) or 10 ppm (for the 500 and 550 ppm
scenarios), in order to keep emissions below those of the BAU scenario. The “early reduction”
scenarios depart from historical emissions starting in 2004; they are otherwise identical to the
“S” series stabilization scenarios described in (S21), which departed from historical emissions in
1990. The delayed reduction (WRE) 500 ppm scenario has been selected from this set to appear
in Fig. 1A as an example stabilization emissions scenario. (B) Atmospheric CO, concentration
trajectories corresponding to the six stabilization scenarios and the Business As Usual (BAU)
emissions scenario.
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Figure S2
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Figure S2. Graphical representations of Table S3 (top), Table S4 (bottom left), and Table S5
(bottom right). Carbon emissions are disaggregated by fuel and end use. In 2000, fossil-fuel-
based global emissions of carbon to the atmosphere as CO, were 6.2 GtC/y (top, Ref. 833). The
challenge of global carbon management is idealized by displaying a pair of worlds in 2054, one
with 14 GtC/y emissions (bottom left), the other with 7 GtC/y emissions (bottom right). The
difference between these two worlds is seven wedges of carbon-mitigation activity. The specific
pair of 2054 worlds shown here is arbitrary; many other pairs are consistent with the wedges
analysis.
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Table S3: Allocation of emissions in 2000 among fuels and end-use sectors
Source: S33, p. 413.

FUEL
Gas Oil Coal Total
END- | Power 0.5 0.3 1.7 2.6
USE Transportation | -~ 1.4 -= 14
SECTOR | Direct Fuel Use | 0.7 0.8 0.7 2.2
Total 1.3 2.5 2.4 6.2

Note: 0.3 GtC/y for “transformation, own use and losses” has been distributed in
proportion to the magnitude of each end use, for each fuel, and 0.1 GtC/y for non-
energy uses has been distributed among the fuels within “Direct Fuel Use.”

Table S4: Allocation of 14 GtC/y emissions in 2054 among fuels and end-use
sectors in Baseline Scenario. Unit of Table entries: GtCly.

FUEL
Gas 01l Coal Total
END- Power 2 - 3 b)
USE Transportation | -- 3 1 4
SECTOR | Direct Fuel Use | 3 - 2 5
Total 5 3 6 4

Table S5: One possible allocation of 7 GtC/y emissions in 2054 among fuels and
end-use sectors. Unit of Table entries: GtC/y.

FUEL
Gas Qil Coal Total
END- Power 1 - 1 2
USE Transportation | -- 2 1 3
SECTOR | Direct Fuel Use | 2 - .- 2
Total 3 2 2 7
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Statement of Senator Olympia J. Snowe
Senate Finance Committee Hearing
“America’s Energy Future: Bold Ideas, Practical Solutions”
February 27, 2007

I want to thank the Chairman for holding this hearing, which T trust is the beginning of
this Committee’s comprehensive review of our nation’s energy policy. This hearing comes
at a time when the manifestations of our failed energy policy are discernible in the most
significant issues facing the United States.

In trade, the importation of nearly 14.5 million barrels of oil per day exacerbates the
annual US trade deficit by nearly $70 billion dollars. In foreign policy, Thomas Friedman
has extensively written about the correlation between despotism and the price of oil.
Referring to what he calls, “petroauthoritarianism,” Friedman has stated that “as oil has
moved to $60 to $70 a barrel, it has fostered a counterwave - a wave of authoritarian
leaders who are not only able to ensconce themselves in power because of oil profits but
also to use their oil wealth to poison the globai system.” The United States is the largest
market for petroleum, consuming roughly 25% of the global supply.

Furthermore, the persisting high prices of energy has a dramatic effect on the budgets of
families, especially in rural states. In aggregate, the repercussions of our current energy
policy should invoke our country to develop an undertaking on the scale of our nation’s
great 20" Century missions like the Apollo Project . The leadership in this country needs
to outline a bold challenge to the entrepreneurs and researchers and provide the resources
to achieve this goal.

As the price of energy increases, the cost of inefficiency grows. As the price of oil
remains over $60 a barrel, we clearly need to reassess how we use energy and improve our
energy efficiency. Currently technology exists that dramatically improves the energy
efficiency of residences and commercial buildings, which accounts for 70% of the
electricity use in the country. Specifically, by making investments into energy efficient
infrastructure, new buildings can reap energy savings of more than 50%. This is critical

because, on average, residential buildings have life spans of 100 years and commercial
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buildings have life spans of 50 years. Making the initial investment into an energy efficient
building, as opposed to standard infrastructure, pays dividends for decades.

Accordingly, [ plan on reintroducing legislation that would extend and improve the
energy efficiency provisions in the Energy Policy Act of 2005 and I am pleased that Dan
Reicher, former Assistant Secretary for Energy for Energy Efficiency and Renewable
Energy at DOE has urged Finance Committee members to support a sufficient length of
time of assured incentives for efficient buildings and equipment so that the business
community can realize the benefits in making investments. In total, experts have
calculated that, if fully implemented, my EXTEND Act will by 2010 save 7 trillion cubic
feet of natural gas. To put this figure in context, the United States imported 4.3 trillion
cubic feel of natural gas in 2005.

1t is critical that we creatively address our energy policy. With energy prices at their
current rates, other technologies have become cost effective. For instance, extracting
virgin materials, processing it, and making it into a final product is significantly more
energy intensive than using recycled product. Taken together, the amount of energy wasted
from not recycling aluminum, paper, printed materials, glass, and plastic equals the annual
output of 15 medium sized power plants.

And the reality is that fossil fuel-burning power plants are responsible for over 40% of
the global warming carbon dioxide that is spewed into the atmosphere and 1 am pleased
that Montana Governor Schweitzer in his testimony today called on the federal government
to put in place a national carbon cap and trade system in place to limit US CO2 emissions.
This is exactly what the Kerry-Snowe Global Warming Pollution Reduction Act of 2007
calls for, and states goal of cutting greenhouse gas emissions by 65 % by 2050, starting in
2010.

1 am pleased that Dr. Socolow was on the panel today as he and I are participants in
Columbia University Earth Institute’s Global Roundtable on Climate Change and both of
us have signed on to GROCC’s Joint Statement introduced just this past week in New
York City. Ido want to mention that I have sent the document defining actions for moving
forward on global warming to all of my colleagues here in the Senate. My hope is that my
colleagues will read the Joint Statement and consider signing on to the GROCC Joint

Statement as well, and T would like to submit it for the Record to accompany my statement.
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It was at the second GROCC meeting that Dr. Socolow presented his “Stabilization
Wedges” concept, which I found both a fascinating and thought-provoking approach to
CO2 emissions reductions. The Wedges game is a great teaching tool for students at
Princeton - and for many levels of education - as to how to cut 25 billion ton “wedges” of
carbon out of the predicted future emissions in the next 50 years to avoid a doubling of
atmosphere carbon dioxide over pre-industrial levels. The concept is a simple tool for
conveying the emissions cuts that can be made to avoid dramatic climate change and drives
home the scale of the carbon mitigation challenge and the tradeoffs in planning climate
policy.

Dr. Socolow should be commended for creating such an interesting approach to greater
understanding as to how we can reduce CO2 emissions, and everyone at this hearing
should take their turn at trying to solve the problem of preventing too much CO2 from
entering the atmosphere in the next 50 years. It is an eye-opener! Unfortunately, we
cannot put this “game” away like we can Monopoly at the end of the day. As the Wedges
game stresses, we have a lot of hard policy decisions ahead of us that must be made for the
health of the planet.

The new reality is that wasting energy is extremely expensive and very polluting. The
Electric Power Research Institute, based in Palo Alto, has developed a report, released a
report this month, which listed “Increased end-use energy efficiency in homes, buildings
and industry” as the most important method to reduce carbon emissions and save energy.
Also, Mr. Arivizu in his testimony, has stated that “Energy efficient solutions are often the
most cost effective way to meet future demand and also provide additional non-energy
benefits, such as improved productivity, increased durability and reduced air emissions.”

I also believe that this committee should strongly consider extending the renewable
energy Production Tax Credit (PTC) for a significant time period. The current PTC is due
to expire on December 31, 2008, and this does not allow renewable energy businesses to
adequately prepare for the long-term. This problem was analyzed in a special report in the
Economist, which stated that, “America’s incentives for clean energy” are “relatively
modest compared to Europe’s.”

Furthermore, the article illustrates that, “what one politician can mandate, another can

terminate - and therein lies one of the biggest risks for clean energy. American politicians
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have periodically allowed a tax break for wind generation to expire, for example. This
caused the industry to falter several times, before the credit was renewed again.” We need
to provide the renewable energy industry with consistency and long-term reliability and I
look forward to working with my colleagues to make that a reality.

In my home state, energy prices are having a tremendous impact on the bottom-line of
our businesses and the budgets of families. The United States must develop the
technologies and energy efficiencies to maintain competitive and it is prudent to utilize the
tax code to facilitate and accelerate this development. 1 look forward to working with the
Chairman and Ranking Member as we begin this vital debate.

I thank the Chair.
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The Path to Climate Sustainability
A Joint Statement by the Global Roundtable on Climate Change

EXECUTIVE SUMMARY

Climate change is an urgent problem requiring global action to reduce emissions of carbon dioxide €O)
and other greenhouse gases {GHGs). Energy use is vital for a modern economy. Burning fossil fuels
produces CO,. Thus, confronting climate change depends, in marty ways, on adopting new and sustain-
able energy sirategies that can meet growing global energy needs while allowing for the stabilization of
atmospheric CO, concentrations at safe levels.

Energy efficiency must play an important rofe in these strategies, but long-term success will require a
concerted effort to de-carbonize the global energy system. This means significantly increasing the use of
non-fossil-fuel energy sources, significantly raising the energy efficiency of fossil-fuel power plants through
advanced technologies, and developing and deploying technologies that trap and store the CO,
produced by the fossil fuels that will remain in use.

Cost-efficient technologies exist today, and others could be developed and deployed, to improve energy
efficiency and to help reduce emissions of CO, and other GHGs in major sectors of the global economy.
Ressarch indicates that heading off the very dangerous risks associated with doubling pre-industrial
atmospheric concentrations of CO,, while an immense challenge, can be achieved at a reasonable cost.
Failing o act now would lead to far higher economic and environmental costs and greater risk of imevers-
ible impacts. To meet this challenge and take advantage of these opportunities:

+ The worid's governments should set scientifically informed targets, including an ambitious but
achievable interim, mid-century target for global CO, concentrations, for “stabitization of greenhouse
gas concentrations in the atmosphere at a level that would prevent dangerous anthropogenic
interference with the climate system.” in accordance with the stated objective of the Framework
Convention on Climate Change (UNFCCC).

.

All countries should be party to this accord, which should include specific near- and long-term
commitments for action in pursult of the agreed targets. Commitments for actions by individual
countries should reflect differences in levels of economic development and GHG emission patterns
and the principles of equity and common but differentiated responsibilities.

-

Clear, efficient mechanisms should be established to place a market price on carbon emissions
that is reasonably consistent worldwide and across sectors i order 1o reward efficiency and
emission avoidance, encourage innovation, and maintain a level playing field among possible
technological options.

»

Government policy initiatives should address energy efficiency and de-carbonization in all sectors,
ailow businesses to choose among a range of options as they strive to minimize GHG emissions and
costs, encourage the devetopment and rapid deployment of low-emitting and zerc-emitting energy
and transportation technofogies, and provide incentives to reduce emissions from deforestation and
harrnful land management practices.

0

Governments, the private sector, trade unions, and other sectars of civil society should undertake
efforts 1o prepare for and adapt to the impacts of climate change, since climate change will ocour
even in the context of highly effective mitigation efforts.

.

Signatories to this statement will support scientific processes including the Intergovernmental Pane!
on Climate Change (IPCC). work to increase public awareness of climate change risks and solutions;
report information on their GHG emissions; engage in GHG emissions mitigation, which can include
emigsions trading schemes; champion demonstration projects; and support public policy sfforts to
mitigate climate change and its impacts.
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The Path to Climate Sustainability
A Joint Statement by the Global Roundtable on Climate Change

CLIMATE AND ENERGY

Climate change is an urgent problem that requires global action to reduce emissions of greenhouse
gases in a time frame that minimizes the risk of serious human impact on the Earth’s natural systems.
While undeniably comptex, confronting the issue of climate change depends, in many ways, on develop-
ing and deploying low-carbon energy technologies.

The modern age is powered largely by fossil fusls: coal, oll, and gas. The fossil-fuel era has been a period
of unprecedented economic advance, with the world’s average life expectancy roughly doubling and its
per capita income rising roughly ten-fold since the start of the Industrial Revolution, Yet we now under-
stand that fossi! fuels—as they are currently used-—increase the amount of carbon dioxide {CO,) in the
atmosphere which, along with the release of other greenhouse gases (GHGs), warms the pianet and leads
to other impacts of giobal climate change.’

Human-caused, or anthropogenic, climate change is now underway. If it continues on the current trajec-
tory, it will become increasingly dangerous and costly for current and future generations through myriad
impacts on the environment and human society and lead to the extinction of many species.” To avoid
such risks, termed “dangerous anthropogenic interference with the climate system™ in the 1992 UN
Framework Convention on Climate Change {UNFCCC;}, which has been ratified by more than 180 coun-
tries, the world must adopt a new and sustainable energy strategy for the 21st century”

Improving energy efficiency will be an important part of this strateqy, especially initially because available
and cost-effective strategies can be deployed quickly. Energy can be produced and used far more
economically, contributing the same level of output with a lower input of energy.’ Available options include
increasing the efficiency of both power plants and the transmission of electricity to end users; expanding
the use of combined heat and power generation technologies {co-generation); increasing the fuel-
efficiency of cars, trucks, planes, and ships; and improving and expanding the use of more efficient
buildings, furnaces, lights, and appliances. Energy efficiency presents win-win scenarios for the economy
and the environment, helping to moderate both energy demand and GHG emissions and complementing
other technologies needed to meet rising globat energy demands.

Yet improving energy efficiency will not be enough. Because energy use is vital for a modern economy,
the worldwide demand for energy is bound to increase as economic development continues around the
world.® As a result, societies must not only use energy more efficiently, but also must emit much less CO,
per unit of energy produced. The reduction of CO, emissions per unit of energy, an essential requirement
of addressing climate change. is known as de-carbonization,

De-carbonization can be achieved in two ways. The first is 1o increase the use of non-fossil-fuel-based
enargy sources. Potential options here include wind, solar, geothermal, hydro, tidal, wave, nuclear, waste-
to-energy, and/or biomass.® The choices among these technologies will depend on costs, safety, public
acceptance, and other considerations. Effective and relatively cost-efficient technologies exist for some
of these options today and others could be developed and deployed. Significantly increasing the use of
such energy sources, both when building new infrastructure and when replacing fossil fuel facilities, is
essential if we are to meet the climate change challenge while meeting global energy needs.
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The second is to adopt technologies that permit the use of fossil fuels while preventing the build-up of CO,
i the atmosphere. One of the main options here is carbon capture and sequestration {CCS—gathering
and storing the CO, produced by burning or gasifying fossil fuels. CCS technologies that capture CO,
emissions at the source (from a power plant, for example) and then sequester them beneath the Earth’s
surface have been proven technically but need to be demonstrated commercially and at the scale
required to make a significant impact on efforts to de-carbonize the global energy system.”

Pursuing CCS should not be seen as an allernative to achieving significantly greater energy efficiency or
greatly expanding the use of non-fossii-fuel-based energy sources but rather as an additional and
important component to a comprehensive 21st century energy strategy. For example, realistic analysis
suggests that, given the global distribution of immense coal reserves, coal is likely to remain an important
fuel source for electricity production, and perhaps other energy needs, in many countries for an extended
period.? CCS represents a potential method for significantly limiting the relsase of CO, from the use of
these coal reserves, as well as the use of other fossil fuel reserves. Other currently available options that
can reduce, although not eliminate, GHG emissions from coal-fired electric generation include distributed
generation with co-generation and a variety of advanced coal technologies with improved energy
efficiency and lower carbon emissions.

The impacts of climate change are already being observed, and each new power plant or factory
constructed using standard fossil-fuel technology (especially without provision for CCS) lacks in place a
path of high CO, emissions during the life of the facility, which can be 50 years or more. Every year that
passes without significant global efforts to reduce erissions means a higher concentration of atrno-
spheric CO, and an increased risk that the world will surpass levels of atmospheric CO, that make
“dangerous anthropogenic interference” unavoidable.®

The arithmetic behind the threat is compelling, The atmospheric concentration of CQ, is now more than
380 parts per million {ppmy), about 30 percent higher than it stood in 1900.7 Nearly half of this increase has
occurred since 1980. The world currently uses around 7 billion tons of carbon-based fuels per year, and
emits roughly 2 billion tons of CO, from deforestation and land-use change, and CO, concentrations are
now rising by around 2 ppm per year—a rate that is increasing.

As the CO, concentration rises, the impacts on the planet also mount. Some leading scientists put the
threshold for “dangerous anthropogenic interference” as fow as 450 ppm because of serious risks of
major sea level rises, changes in weather patterns, and the extinction of many species.”’ Broad scientific
consensus exists about the risks of reaching 560 ppm, which is sometimes catled 2X CO, because 560
ppm is twice the pre-industrial concentration of 280 ppm.** However, even this higher threshold will be
very hard to avoid unless strong actions are adopted in the near future. A “business-as-usual” path,
meanwhile, could put the planet well above 750 ppm and perhaps at triple pre-industrial CQ, levels {that
is, 8B40 ppm) by the end of the century.™

The challenge is clear. Soclety must move reliably and swiftly toward a de-carbonized energy system
and must do so in a manner that minimizes the transition costs, avoids economic dislocations, and
does not jeopardize the economic development of poorer countries. Transition strategies should aim
to reduce and/or compensate adjustment costs on workers affected by the move to de-carbonized
energy systems.

There will be no single solution—many changes in energy efficiency and energy technology will play a
role. Moreover, no single economic sector or group of countries can solve the problem alone. De-carbon-
ization of the energy system will require global action in all key sectors of each economy. The changeover
will require decades to complete, but the climate arithmetic dictates that we start now in order to avoid
more dangerous risks in the coming decades.
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WHY WE CAN SUCCEED

The main source for optimism on heading off dangerous anthropogenic climate change is the potentiat to
greatly reduce carbon emissions at reasonable adjustment costs to the economy. The world econamy
can achieve much lower carbon emissions per unit of output by achieving lower energy input per unit of
economic output {energy efficiency} combined with much lower CO. emissions per unit of energy
{de-carbonization):

Lower CO,/ Output = Lower Energy/Output X Lower CO,/ Energy
(efficiency} {de-carbonization)

The largest carbon-emitting sector is power generation, which the International Energy Agency identifies
as responsible for more than 40 percent of gliobal, energy-related CO, emissions, with that share likety to
rise in the future. Industry accounts for more than 18 percent of energy-related CO, emissions. Transport
{cars, trucks, and planes} contributes another 20 percent. The residential and services sector {which
includes most commercial and residential buildings and agricultural energy inputs) accounts for nearly 13
percent," although it can be considered to account for significantly more when electricity use is included.

Although completing the entire path to climate stability represents a very significant challenge, opportuni-
ties exist in each of these sectors for both increased energy efficiency (reduced energy per unit of output)
and de-carbonization {lower CO, emissions per unit of energy). Here are some highlights:

Power Generation. Power plants can become more efficient in converting energy into available end-use
electricity, as can the transmigssion of that electricity to the end-user'® Co-generation can be deployed
more widely for use in district systems, industrial parks, and commercial malls at more than twice the
energy efficiency as centralized power systems. The power sector can be gradually de-carbonized by
shifting increasing proportions of electricity production to nen-carbon fuels {this includes options such as
wind, sofar, hydropower, geothermal, tidal, nuclear, waste-to-energy, and/or biomass), utilizing lower
carbon fuels where appropriate, developing and deploying advanced fossil-fuel technologies with high
energy efficiency and low carbon emissions, and developing and depioying CCS technologies. Improve-
ments in each of these technologies as well as a potential mix of new energy sources {8.g. solar thermal
power, wave enargy. and possibly nuclear tusion will also play a role in further reductions. Increasing the
use of fow- and zero-CO,-emitting distributed generation could also yield important ancillary benefits,
particularly but not exclusively in developing countries.™

Industry. Important, large, energy-intensive, high-CO_-emitting business sectors such as cement, steel,
petrochemicals, and refining have a variety of options to improve energy efficiency and increasingly
de-carbonize their operations. These inciude utilizing new production processes, installing highly efficient
on-site generation technologies, converting to non-fossil-fuel energy sources, developing and deploying
CCS technologies, and other options. Although global economic activity will likely increase energy
demand in this sector, energy efficiency measures, co-genaration, CCS, and GHG mitigation policies that
favor low-carbon energy sources mean that the increased output can be combined with lower overall
carbon emissions,

Transportation. All forms of transport {cars, buses, and trucks in particular, but also trains, planes, and
ships), can become substantially more efficient {requiring less energy input per mile). in some cases
through measures such as design and operational improvements, hybrid power systems, and lightweight
design. Increasing levels of de-carbonization in the trangport sector can be pursued by adopting bio-
fuels, hydrogen, electricity produced by low- or zero-carbon emission technologies, and/or more efficient
conversion technologies such as fuel cells, Mass-transit, traffic management, and commuting strategies
can also help to decrease aggregate emissions from transport sector.
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Residential and Services. Commercial and residential buildings account for a significant percentage of
electricity consumption and CO, emissions.'” Green building can play an important role in efforts to
increase the efficient use of energy. Greater use of proven, scientifically based methods and standards for
improved building design, sustainable site development, energy and water efficiency, enhanced
insulation, materials selection, and indoor environmental quality would yield significant reductions in GHG
emissions and produce other benefits.”® Da-carbonization can be pursued by converting heating and
cooling systems reliant on fossil fuels to electricity and piped heat produced by low- or zero-carbon
emission technologies,

In some cases, energy efficiency and de-carbonization will add little to the overall costs of energy to end
users in these sectors. Significant, cost-efficient opportunities exist for efficiency gains using existing
technology and proven practices. New technologies are on the horizon that might also save money and
reduce GHGs at the same time. Pure win-win possibilities exist, but in some cases these technologies are
impeded by government policies, lack of consumer information, or regulatory impediments, Such barriers
to reduced GHG emissions should be removed as soon as possible.” Developing and deploying new
technologies can also provide new business and employment opportunities for companies that take the
initiative. In such efforts, “life-cycle thinking” on product and process design will be relevant.”

More often, however, the changeover to low-carbon and de-carbonized energy systems will require
additional investments which will raise the costs to energy end-users. However, the costs of avoiding
dangerous anthropogenic interference while achieving a more efficient and de-carbonized global
energy system still appear reasonable, particularly compared to the costs of inaction and the conse-
quential impacts of significant climate change. Again, while the precise figures are uncertain and we
have not sought agreement on specific quantitative claims, it is reasonable to believe that heading off
a doubling of CO, concentrations can be achieved at a cost of about 1 percent of global GDP and
perhaps less as new technologies become established.”

Put in different terms, this equals an average cost of about 2 cents per kilowatt-hour and 25 cents
per gallon of gascline.™ The cost-per-ton of avoided CO, emissions can probably be kept to an
approximate average of $25 to $30.2* The exact cost will of course vary by economic sector and
region, as well as over time. Many of the least expensive and potentially profitable options will be
available in the initial phase (e.g. in situations where energy efficiency savings cover investment costs
or where locally cost-effective energy alternatives are available). Costs will likely increase as the need
to develop and deploy new technologies and infrastructures increases. Costs will also vary to the
extent that there is effective use of existing technologies (inciuding timely government action to
facilitate deployment of existing low-~ or zero-carbon-intensive technologies), timely government and
private sector support for research. development, and demonstration of new technologies, and
public acceptance of those technologies. Nevertheless, and most importantly, if we delay too long
in beginning the changeover to increasingly de-carbonized energy systems the eventual costs will
only rise and the impacts of climate change will only become more severe.
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HOW WE CAN SUCCEED: TOWARDS A GLOBAL PLAN

Participants in the Global Roundtable on Climate Change (GROCC) aim to support a greater global con-
sensus on core aspects of a realistic policy on climate change; one that seeks the simultansous objectives
of effactively mitigating anthropogenic climate change while also creating the sustainable energy systems
necessary to achieve long-term economic development and growth for all nations. In that spirit, we put
forward the following as important principles for creating an effective climate policy.

» The world's governments should work expeditiously 1o agree on a target for stabilizing CO, levels in
the atmosphere. The target should aim explicitly at “stabilization of greenhouse gas concentrations
in the atmosphere at a level that would prevent dangerous anthropogenic interference with the climate
system” in accordance with the stated objective of the Framework Convention an Climate Change
{UNFCCC)™ Deliberations on this target should be informed by the best and most current scientific
information available, in particular the comprehensive 2007 Fourth Assessment Report of the
Intergovernmental Panel on Climate Change (IPCC).™ As part of this agreement, governments should
agree on an ambitious but achievable interim. mid-century target for global CO, concentrations
and on a series of specific measures to ensure that effective and meaningful action is undertaken
immediately.”® As with all effective policies, targets should be adaptable to new evidence in a
reasonable and precautionary manner.

All countries should be party to this accord and it should include specific national and international
commitments for action in pursuit of the agreed-upon target. Commitments for actions by individual
countries should reflect differences in levels of economic development and GHG emissions patterns,
and the principles of equity and common but differentiated responsibilities. The need for all regions of
the world, including developing countries, to participate reflects the basic arithmetic of carbon
emissions. The developing countries, as a group. will soon be the largest emitters of GHGs, though
on a per capita basis the developed regions will still be far larger emitters. There is no prospect for
stabilization of GHGs unless alt countries with major emissions are actively committed to that goal.”?

.

in accordance with the principles of equity and common but differentiated responsibilities, the global
agreement shoutd include specific mechanisms for industrialized countries to take leadership roles
refated to emission reductions, such as developing, demonstrating, and deploying fow- and zero-
carbon-emission energy technologies and CCS systems and/or providing appropriate assistance to
developing countries to heip them adopt low-carbon energy systems (for example, by creating a new
sustainable energy fund to support the introduction of low- and zero-carbon-emitting energy
technologies in low-income countries). Continued and effective support should also be provided to
the Clean Development Mechanism (CDM) and related initiatives.? Deeper and wider mutual
understanding among developed and developing countries should be promoted in order to realize
these mechanisms. Developed countries should appreciate the special challenges faced by poorer
countries in combining economic development with GHG mitigation, as well as the historical patterns
of GHG emissions.”

Clear and efficient mechanisms are needed to place an appropriate market price on carbon emissions
at the national and international level.™ The price on carbon emissions should be reasonably
consistent across sectors and worldwide. Establishing such a market price {(via tradable emission
credits, permits, incentives, taxes, and/or other measures) is needed Yo reward efficiency and
emission avoidance, encourage innovation, help induce energy producers and consumers to choose
fow- and zero-carbon emission technologies, create a level playing field across technology options,
and, thereby. reduce the overall, system-wide cost of de-carbonization.® The most successful
policies will give a clear price signal for many years into the future.

»

Energy efficiency and timely de-carbonization should be pursued in all major economic sectors and
include sector-appropriate mixtures of performance standards, market mechanisms, and incentives to
discourage the creation of additional high-carbon emission energy production and encourage low-
and zero-carbon ermission energy technologies. Businesses should be allowed to choose among a
wide range of options, locally and globally, as they strive to minimize both GHG emissions and costs,
Subsidies and other policies that encourage the use of high-carbon emission technologies, especially
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without provisions for CCS, or that discourage non-carbor, renewable energy sources, should be
carefully reviewed and generally eliminated.

Incentive schemes and policy mechanisms shouid not inadvertently work against early actions by
cornpanies, for exarmple by inappropriately “raising the bar” on companies that have taken mitigation
actions ahead of policy changes. indeed, policy makers should make efforts to encourage rather than
discourage such early actions.

Carbon emissions from deforestation, which represent a significant portion of total global emissions,
should be addressed. Incentives to protect forests should be included in relevant international and
national policy mechanisms. These efforts should include providing appropriate financial incentives and
emissions credits to developing countries that reduce CO, emissions by protecting tropical forests.™

Land management patterns can have an important impact on net emissions of COE, methane, and
nitrous oxide. Public policies should provide incentives to implement land management practices that
reduce net greenhouse gas emissions or augment the carbon content of soils.

Governrments should support, through direct funding or incentives for the private sector, major
increases in research, development, and deployment (RD&D) of advanced non-carbon-emitting
energy technologies. Targets for increased RD&D could include (but are not limited to): solar photo-
voltaic, solar therrnal power, geo-thermal, tidal, wave, and/or nuclear energy (including safety, waste
storage, and proliferation issues); CCS: improved land management; and sustainable transportation
{e.g. bic-fuels, hybrid technologies, fuel-cell technology, and/or lightweight design).*® Special
demonstration programs and other kinds of publiic policies {e.g. supportive regulations) should be
adopted to enable promising new technologies and practices to reach the market expeditiously.
Such programs will be of special importance in the rapidly industrializing developing countries.®

Green building standards and incentives should be expanded and efforts to reduce energy use
through green building initiatives should be supported at the public and private level. Efforts to reduce
global emissions of methane from landfills should be expanded, including increased use of waste-to-
energy facilities where appropriate and cost-effective. Policies that encourage or include provisions
for GHG offsets (projects funded by industries, businesses, institutions, or individuals in order to
compensate for their GHG emissions in other areas), should ensure that all GHG offsets are real,
verifiable, additional, and quantifiable.

Public-private councils should be formed in key sectors {for example, electricity production, cement,
steel, petrochemicals, commercial building, and others) to assist the formulation, promotion, and
adoption of standards for safety, efficiency, and consumer acceptability of key sustainable energy
technologies. Such councils should include key stakeholders, such as policy makers, business
leaders, trade unions, consumer groups, and civil society.™

Efforts should be undertaken to prepare for and adapt 1o the impacts of climate change. Many of
these impacts will fall most heavily on the poorest and most vulnerable communities and in developing
countries with the least ability to adapt. Technical and financial assistance will be needed by
particutarly vulnerable, low-income, developing countries to meet their mounting adaptation needs.
Mitigation and adaptation efforts need to be part of a coherent dual strategy. Effective climate
adaptation will require stronger efforts within international climate agreements as well among develop-
ment agencies, the private sector, and non-governmental organizations.
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OUR CLIMATE BESPONSIBILITY

Each company and institution, as well as each government, has the opportunity and responsibility
to address climate change. This responsibility can be fulfilled in a variety of ways, which will differ
depending on the nature of the business or organization. In this spirit, and in recognition of the impor-
tance and immediacy of this issue, we commit ourselves to pursuing the following measures and invite
others to do likewise:

*

Y

Publicly supporting the global scientific processes that underpin international decision making with
regard to climate change, including the IPCC.

Advocating responsible climate and energy policies, including globally agreed-upon targets for
stabilizing GHG levels in the atmosphere; policies designed to achieve these targets, increased
research, development, and deployment of new technologies; and enactment of supportive market
mechanisms and other policies.

Helping to communicate information on climate change solutions, including energy efficiency,
life-cycle thinking, and other options, to customers, suppliers, employees, and the public.

Monitoring and reporting information on our annual emissions of greenhouse gases.

Adopting clear goals and policies on our GHG emissions and engaging in appropriate GHG emissions
mitigation efforts and programs, which could include participation in emissions trading schemes,
offsets, COM, or other mechanisms,

incorporating climate change and GHG emissions into relevant business management decision
making, and communicating such actions to key stakeholders, such as investors, employees,
suppliers, and customers.

Examining the potential for advanced commercial and residential building designs and new energy
technologles that result in lower GHG emissions when constructing new faciities or retrofitting
existing facilities.

Providing leadership in industry associations, trade unions, and other organizations appropriate to our
company or institution to promote the adoption of climate change standards in each sector.

Supporting demonstration projects and other activities that test, scale. or promote technologies,
policies, or other programs that seek to mitigate climate change and its impacts.™®
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NOTES AND REFERENCES

Although not a technical document, we have chosen to pro-
vide references or additional details for particular statements
contained in this document in order to demenstrate their
mainstream status among experts in relevant flelds.

1. Broad scientific consensus exists concerning the fact that human actvities,
partouigny Ioading the atmoesphere with carbon dicxice (GO} from the burmn-
ng of fossl fuels and deforestaton. as well s emissions of other greenhouses
gases (GHGs). such as mathane and nitrous oxide, are Uitmataly responsibie
tor much of the increase in global temperatures observed over the 1ast cen-
tury as well as the associated and increasingly visible and troubling impacts
of cenate change. The 2007 Fourth Assessment Recort by th Intergovern-
mantal Pane! on Cimate Change (IPCG] provides the maost authoritative re-
visw of thus issuie. See Aliey. R. et & IPCC. 2007 Clirnate Change 2007: The
Physical Science Basis, Suramary for Policymakers - Contritition of Working
Group 4 10 the Fourth Assessment Report of the IPCC, This report and the
other IPCC rlocuments referericed in this section are avafable through the
IPCC website af wwew jpee.ch,

Existing public expression ¢f this consensus inciudes staterenis by the na-
toral science academies of Austrakia, Belgium. Brazd, Canada. Ching,
France, Germany, India. indonesia, reland, haly, Japan, Maiaysia, Nether-
iancs, New Zealand, Russia. Swedan, Turkey, the Unites Kingdom, and the
United States (.S}, reporis by the IPCC, the Arctic Climate impac! Assess-
roent, the intemational Cimate Change Taskforcs (CCT), as well as state~
ments and tindings by other internationai. national, ancd regional scientific and
poltical bodies.

For exarmples of the views of the national scierce acadermies ses: National
8 € Acacermies of the G8 pius the Natiana Scier caqerniss of Brazi,
China ana India. 2005. Jomt Seience Academies’ Staterment: Gional Fle-
sponse to Climate Change. Avaifanie at hitpu/www foo govuk/Fles/ties
PestG8CimChaAcademies.paf; National Academy of Sciences {145} Come
mittae on the Science of Climate Change. 2001, Ciimate Changs Scisnce: An
Analysis of Some Key Questions. p 1. fMashington, D.C.: National Academy
Prass) Also avallable at hiip:/newlon nap.eduhtmi/climatachange/summiz

ryhumi; Editarial, signed by 17 national science academies. 2001, “The so-
ence of climate change.” Science 292 (55201 1267,

For reports by the 2CC, see: IPCC. 2007, Cimate Change 2007: The Physt
ca Boence Basis, Summary for Poloymakers: Watson. RT. et al. e,
2001. Climate Change 2001: Synthesis Repon, Summury for Policymakers.
0 5;1PCC. 1893, Second Assessment Report: Glimate Change 1999, For the
Arctic Chmate Impact Assessment. which was sporsored by the govern-
ments of Canada, Denmark, Finiand. lceiena, Norway, Russia, Sweden. and
ne 115, see: 2004, Impacts of a Warryng Arctic: Arctic Clhmate Impact As-
sessmert. Executive Summary, p 8-8. The reoort ang acaitional information
‘e available al www acia ual edu. For the trternationat Cimate Change Tas
forze, seer ICCT, 2005. Meeting the Climate Chatienge. Avadable at hn
snowe senata gavicctreport.pdf.

For staternents by other prominent scientific bocdies and government groups
that raview scientific repofts, see: Development and Envivorment Ministers of
QECD Membser Countries. 4 Apti} 2008. Declaration on Integrating Cimate
Change Adaptation inte Development Cooperation. Preambale and paragraph
1 Pars: OECD Headauartersy: U.S. Climata Change Scierce Piogram Sy
thesis and Assessmant Praduct 1.1. 2008. Tempere 4
Atrasphiere: Steps for Understanding and Reconciing D Ci nitad
Kingdom, Pariiamerttary Office of Science and Fechnology. 2005. Rapxd C
mate Change. © Arnerican Geophysicat Union, 2003 Amsrican Geo
1nvsu;? f Uri wor Position Staternent on Human Impacts on " Reprint-

[SHRE-YEH Sho,;slac« R. 2003, “Csmate Change Statemants
4 American Meteurologieat Soci-
ety. 2003, Buitetin of the Argrican Meteorological Scoiety. Vol 84: 308, Fora
revienwy of the scientific consensus on cimate change 3 mpresented in the
peer-ravewed seEnce iterature. see O 1w Scientitic Con:
sensus on Climate Change.” Science 308 16BE.

A number of business, Civl saciety, and raiigious c;n:um have a‘sa Soues

Reproserftative cxampies i . Evan )r

08, Chinvete Change: An Fuangetical Call to Action, Avada
definate.ongioub/statement- baoktel pef, World Goune
2005, Statemant 10 the nigh-teve] segrment of the UN Climate Changs co

m

o

s

nee. See aiso. A siatement from the World Gounci: of Churches (WCCHo
th? High-Leve! Min'stera: Segment of the UM Cimate Conference in Neirobi,
Statements availabe at hipiSwww.oikoumena.org/envhome.htmi:. Unites
States Cor nce of Bishops. 2001, Giobal chmate changs: A plea for dia
fogue, prudence. and the SomMMon geot. Avaiable a1 www.useoh.org/stwp’
rternztonagiopaicimate htm: Corporate Leaders Group on Cimate
Change, 2006 Letter 16 the Prime Minister. Avaiiable at hap /Awww.cpt. \,a'n
ac.uk/oepitigecsetier 2008.0tm; Institutiona’ Investors Groun on CHmal
\,mm-e 2008, Investor Statement on Cimate Change. Avaiable at www
2 Pew Centeron Giaoan,lrWJieChutgﬁ 2005. Internationa Cimate
Ewod; Beyand 2012: Report ot the Cimate Diglogue at Pocantica. (Washing-~
tan, D.C.: Paw Center on Global Climate Changey, Canton Global intiative.
2006. Clinton Globa! Initiative First Year Report. Available a1 hitp:/iwwiw.ciin-
tonglobalinitiative org/pdf/annual_reportyCGIReportFeb-01-2008.0df: World
Business Council on Sustanable Devetopment. 2004, Facts & trends 1o
2550: Energy and climate change. Available at www.woesd.org: and the
HCCT, 2066, Mesting the Climate Challenge. Avalable at hito#snowe.senate
goviccireport pal.

Anthropogenic amissions of CO, - from fossii fuels use. cement produchon,
iznd use change, and forestry - are the most important anthropogenic GHG
ative size of the eniissions inearty 75% of global GHG emis-
5 and the expected hure growth of these ervssions in the absence of
effective action. Other notavle GHGs include methane (CHY, about 4% from
fand-filing ot municipat sobd wastes ard about 11% from other sources ni-
trous oxide (N20. about 9% ardd a vanety of fluorinated gases including
oerfuorccarbons {PFCs), chiorofluomcarbons {CFCs and ther related re-
placement halocarbons, HCFCs), hydrofiuorocarbons (HFCs). and sulphur
hexafworide (SFB). Methane and the other gases have far mgher gioba

waring potentials (GWPS] than does CO,. GWP is a measurs of how much
a given mass of gas is estmated to sontributa 1o global warming

it Is well known that, historically, the vast maiority of anthropogenic GHG
emissions have come from the wealthier nations although rapidly ndustriatzing
Jevelaping countries nuw erit vary substantial amounts as weil anc may
surdss the ermissions of developed Courtries by 2015, The Unitedt States
emits the most GO, on an aggregate and per-Capita basis China is expected
10 pass the United States in natonal CO, emissions sometime this decade ma.
fike developing nations in general, it is well behind in per-capita ermigsions.

For detailet information on GHG emissions, compare data and sources n,
for example: United States Environmental Protecton Agency. 2000
Clobat Greenhouse Gas Data avaiiable at hitpi/Awww.ena.govicimat-
echange/emissions/giohaighy himl United Nations Framework Convertion
an Climate Changs. Greenhause Gas lnventory Data available at hiy hg.
unfece.intingex.htmi; World Resources Institute, Earth Trends: Climate and
Ammasphere Scarchahe Datal base ava ab!e a( http /ednmrends wri org’
searcha ¥
ance cgt@ and 8EVIGES sne NASA Goddarg Soecc Fight Come' u,oba
Change Master Dirsclory: Almosphere availabie at hitpi//goma. gsfe rasa,
gofindex htmi.

In adgcition to the sources above, see a'so, as ndicative examples: Schein.
umier et sl 2008, Avording Dangercus Climate Change. {Cambridge: Cam-
origge U sy Pressy Epstein, P and E. Mils. 2005, Cimate Charge Fu-
tures: Fealth, foological anc Economee Dimensians. The Center for Heat)
and the Global Envircnment &1 Harvard Medical Schook Patz, JA, &1 al.
2005, “Inpact of regional chmate change on human haaith.” Nature 4387086:
310-317.

1992 Unitec Nations Framework Convantion on Cimate Changs. Article 2

ie. for the text of the Convention and & fist of the 189 countries that
flad € into inferrational law. ses the websits of the Conwventinn Sec-
retariat at hitpr/7unfecc.inty,

This 15 widely scnowledged. For o recent anaiysis, see MoKinsey Giebal
institute. 2006. Productedty of growing gioba: onergy demand: & micraeso-
noMmic parspective. p 1423, {San Francisco: MoKinsey and Company;

For discussion of how energy production and demand, the sey trvers of GO,
amissions undsr currert concitions, are expacted to continue
icant ates. sog internacionsl Enex;/ Agency, 2006,

i sigy-
gy Cutloti
RA Judson
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. Representative axamy

This i an inckeative kst of non-‘ossil-tuet Dased energy SQurces, as ars siny-
in this document. This statement endorses a signiticant increase in
f ron-fossil-fuel technoiogies but does nottake 2 position on which

sholid or shouitt not be uses.

tar lists

Asthough 51t in the early stages. onguing work suggests that i might orove
teasidle 10 extract CO, directy from ihe air for sequestration. This would
rmake GOS possitie wherever concitions are most favoradle, where the CCS
faciities would not poese envirenment sks. and where the permitting, con-
structon. and of tonal costs woue be relativaly fow. For a prefminary
digoussion, see Abanades, ¢ al IPCC. 2005. PCC Specual Report: Carbon
Capture and Storage ~ Summary for Polcymakers. p 12-13 {Cambrdge:
Cambridge University Prass;

15 well known that coal is the most abundant fossii fuel. with known global
reserves that could fast for at ‘east another fwo centuries at Curent rates of
production. Coal reseryes are also widely distnbuted. and vary gigniticantly
from those of off and gas, with very significant reserves found in the Lnited
Btates, Russia, Ching, India, Austraia, Germany, and Scuth Africa. Fora con-
s averview, see Energy Information Agency. United States Department of
Energy. 2008. The International Enerr;y Outinok 2006 §EQ2606). Avalabie at
hitpwww.eia.coe.govioiali g

oy, 2006. Worid Energy Qutionk 2006. Chapter 5, p 80, {Parist OECD’

As noted, avo'ding “dangerous anthronogenic interfarence” s & statad objec-
e of the 1992 United Nations Framework Conventon on Climate Change,

See, for sxampie: Watson, RUT etal IPGC. 2001. Climate Change 2001: Syn
thesis Report, Summary for Poicymakers. p 5 Natonal Science Academias
af the GB pus the National Science Acaciemies of Brazd. Ching and India,
2005. Joirt Science Academes’ Statement: Giobal Response 10 Climate
Change. Availabie at htto/www.ico govuk/Files/kfle/PosiGBCImChaAcad-
ermies.ndf;, Keeling, C.D. and TP, Whosf. 2005. Atmosphenia carbon dioxide
records from sites in the SIO ar sampiing network. In: U.S. Depantment of
Energy. Trends: A compendiurn of data on gioba! change. {Qak Ridger U.S.
Department of Energy.

ies include; Gregory, .M., R Hissbrechis, and 8. Rap-
e, 2004, “Climatology: Threatened loss of the Greeniand ice-sheel.” Nature
428: 618, Hansen. J. 2004 “Delusing the global warming time somb.” Scien-
tfic American 290 (3. 68-77: O'Neill, B.C. anc M. Oppenhgimer, 2002, *Darn-
gerous Climate Impacts and the Kyoto Protocot.” Science 296! 1972; Parry,
M., N Arnedi, et al. 2001, "Milions at risk: defining critical climate change
threats and targets.” Global Envicorimental Charge- Human and Folicy D
rmenstons $1{3): 181-183; Azar. C. and H. Rodhe, 1997, for staniiza-
tion of atmosoheric CO,." nce 276 1818-1818,

Many sciortists now accept that 2X CO, wilf lead to about 3 3Calsius tem-
perature increase as the best available working estinate. The 2007 PCG
Faurth Assessment Report discusses this soint. Currently. many experts in-
dicate that the potential for cangerous anthropogenic intererence with the
chimate system increases rapkily as warming moves significantly above
2 Celsius Fom pre-indusinal levels {sse, for example, Watson, RT et al.
1PCC. 2001, Climate Charyge 2001: Synthesis Reoort. Summary for Paficy-
makers, p %, Mantaining 2 ow probabiity of the fargest and ymost d
ng distuptions would therelore indicate setting a prudent. scienc:
0, stabiization target at levels below those &
er than 2 Ceisius ar wall below 2X GO, For similar conclusions of su
analysis. sea: KOCT. 2005, Mesting ihe Ciimete Chatenge. o 3. Stare,
2008. Stern Review The Economics of Cimate Change. Executive Summa-
1y, p A, Available at hitp: SF 3
tva_Surmmary.paf Den Eizen, MGJ. and M Memsh’wse"ﬁ 2005, H=P!m’}
the EU 2°C ciimate target Global and regional emission imnlications. p 6.
(Bithoven, Netherands: Netherlands Envionmental Assessment Agas
Meingnausen, M. 2008, Wnay does a 2°C target mean for greenhouse gas
concentrations? I Schelnhumber et . 2008, Avoding Dangerous Chnate
Change. {Camtridge; Cambrage Univergity Pressy. For an
nation of chmate sensithty, the reiationshp between atmosphenc CO. con-
centrations and giobal average termperatire, see United Kingdom et Of-
fice, Exeter. 2008, Stabilizing cimst avoid dargerous climate chanige: A
surmary of relevant research by the Madley Genter p 1415,

3.
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594 . for example, Stern, N. 2006, Stern Raview: The Economics of Cinate

hange. Executve Summa 3y, £ v and For information on the full rar
‘Lﬂu?‘ amission scenarios seer Wason, RT. ot al, 2001 PCC, C
51 Synthesis Regart, Summary for Policymakers, p 10-11
Hougnton, T, et el IPCC. 2001. Chimate Change 2001: The Scientiic Bagis,
Summary for Policymakers. p 14

5 eslimates and terms are thosg used by the infernational Energy
Aggency. See aiso International Enengy Agancy. 2008, World ¢ QUNOoK
2006, p 80 For the United States, the LS. Dapanment of Energy estimates
that in 2004, the electnc power sector accounted for 39% of total U.S. ener-
gy-reiated CO, ermissions. the ransportation sector 33%6, and the industrial
sector 28%. U.S. Depariment of Energy. 2008, Emissions of Greenhouse
Gases in the Unilec States 2008, Avalable at hiip/rwww eia.dos gov/
aial/ 1605 ggrprcarbon. htind. For acditional nformation on the availability of
ermssion reductions in these sectors see International Energy Agency. 2008,
Cnergy Technolony Perspectives 2006, Avaffabie at hitp:/Awww iea org/text-
basanopdffstud/08enerech2008.pafl.

. For discussion, see: Davidson, 0., B. Matz, et al IPCC. 2001, Cimate

Trange 2001 Mitgation- The Coritribution of Working Group Bl fo the Third
Assessmant Renort of the IPCC. Chapter 3. Avaiiable al hitpiwww.grida.
no/eimate e tar/wgd83htm; G. Morgan, J. Apt, el al. Pew Center on
Gioba: Chmate Change. 2005. The US Electric Power Sector and Cimate
Change Mtigation, (Washington D.C.. Pew Genter on Globai Cimate
Change).

Suen benefits include increasing the market for renewable energy and other
mitigation technologies and providing power in non-electrified or under-

i areas 1o pump water, ncrease lighting, enhance schools, and
hanes. computers, and simatt business:

. For example. U.S. Decartment of Energy, Office of Energy Efficiency and Re-

newabie Energy estmates in its 2006 Buildings Energy Data Book that com
mersial and resicential buildings account for 38% of CQ, emssions, in the
United Statss, when the impact from energy consumption is included. The
U 8. Green Building Councit {USGBC), estimates that in the United States
puldings account for: 36% of tola energy use; 85Y: of electricity consumg-
tior; 30% of greenhouse gas emissions; 20% of raw matena's use; 30% of
wasle outpul fapdroxmately 138 miflion tons annuallyl: and 12% of potabie
water consumption. This information and lniks 10 a large nurmider of detailed
research reports are availabin via the USGBC website at www.usgbo.org.

An ncreasing refarenced exampie of such slandards is the “Leadership in
Energy & Environmental Desgni™ {LEED) Green Buiding Rating Syster

Intermnationas Energy Agency. 2006. World Erergy Outiook 2006, o 43 and
193-314

The relevance of ife-cycle thinking in this regard is increasingly recognized.
Indicative exarmples fom intergovernmental contexts nclude: Point 11 the
n the Maimo D agraed by g during the First
Giobal Ministeria! Environment Fomm i Malmd, Sweden. May 2000 {avai-
e at hiton A 4UNeo.org/ ¥ a_enistenat itm) and relavant el
ts of the 10-year progiarm fmmnwork of programmas 1o promote sus-
tainapie consumption and production patterns agresd o at 2002 Worlc
Summit on Sustanzble Development, see Report of the World Surmit on
Sustainabs Developmant. Johannesburg, South Africa, 26 August-4 Sen-
tember 2002, Section i Changing unsustanable patteras of consumption
and production, paint 152, Avalatie at hitp//daccessdds.un.omy/'docUN-
DOC/GERNORBI6/I2/PDFND263633. pd1?0pentilement, Additional infor-
rmation on lifte cycle thirking can bz lound via the Unted Natons Environment
Prigramme’s Procuction and Corsumption Branc! ainatie Gonsung-
bon wehsite at hiip/ww J ngd,
hten

Exampies of supparting analyses inciude: Davidson, O., 8. Metz, et al. IPCG.
2001, Cinate Change 2001 Miigation- The Contri hwan of Working Groug
W to the Thed Assessment Report of the IPCC. Chapter 8 p 10 Starn,
2008. B1ern Review. The Economics of Cimate U\ange Exacutive Summa-
Y, 06, i, and xiv. International Energy Agency. 2006, World Energy Outfook
2006, p 43 and 193 314,
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For exampie. sae! Stern. N. 2006. Stern Review: The Econorics of Climate
Executive Summary, p xvii; Wiser, A and M Botinger. 2004, an
Ouenview: of Alterrative Fossit Fuel Price and Carbon Reguiation Scenarios.
e Berkelsy National Laboratory. Avaliadle at hitp:/feetd iblgov/EA/
2003, “The Market for Tradable GHG Permits under the
¢ of Mocel Studies " Energy Feonomivs 25: 527-551.
As noted ubove, these fligures are offered only as indicative examples not as
frm canchusions or policy recommendations.

See Article 2. "Objectve”, of the 1992 United Nations Framework Con
on Climate Change.

. The PCG was estabished in part to provide authoritative information on ci-

x, independertt of any one gavernment, 1o inform poicy makers
ising individual and coltective policy. Governments pariicipating in nego-
tatons under the Frameywork Conwenton on Clmate Change agreed that
their deliberations on targets and commitments tieyond the tme-frame of the
Kyota Protocol shouid e informed by the work of the 1PCC and other scien-
thic stucies of the causes and imipacts of cimate change and potential miti-

gation and adaptation strategies, nciuding economic and social faciars.

. Please note that signatores to this staterment have not agresd, nar do we

seek 10 propose, particutar final or interim targets tor atmospher'c GHG con-
centrations. We do agres that such targets need (o be set, that they should
Do based on the best sciertific information availape, that they sholld be
tinked 10 seripus. ambtious national and ‘nternational pofcies designed 1o
aehieve them, and that they shouid be aayusted in & precautionary mannet as
wig learn rore about poth climate change and the costs and benefits of vari-
ous mitigation strategies,

Article 3 of the UNFOCC defineates a serigs of principles. agresd 1o by more
than 180 povernments, that undeme the Convention and, by extension, any
reiated poicy protocol. These include the princinies of equty and common
put differentiated tespensiditities, taking into account the respective caoa-
ilities of Parties. recogmzing the specific needs and special circumstances
of deveioping country Parties. noting that developed country Parties should
take the lead in combating cimate change, the right and responsiblty of
Parties to promote sustainable aevelopment, and other issues. Reaistc po-
iticat analysis suggests that these principles must be taken iMo accaunt
when considering giobal pokcy optons or achisving chmate stabifity, At the
same time, GHG emissions in many rapidly-indus! ng developing courn

tries are increasing rapdly. The developing countries, as 2 grouo, wil scon be
the largest emitters of GHGs. though on a per capia basis the deveioped
regions wik still be far iarger emitters and are responsiole for ths vast mazority
of stonca: emissions. Thus, reaiistic enalysis of the ciimate change ssue
suggests that ail major emitiers of GHG must be part of a global cimate
nolicy or it will not succeed in stebilizing GHGs. This jont staternent acknow!

edgas both the reality of the carbon arithmetic and the mrincole of camemon
ot differentiated responsibiitss and other principies agresd to uncer the
UNFCCG

COM s a fiexibiity nrechanisir: urder the Kyoto Protocal which aliows inthus-
trigized countries with binding greentiouse gas recuction commilments {of-
ten called Annex 1 countries) (o mvest m GHG emission reduction projests in
geveloping countries. Venfied reductions from such projects can heip ar An-

fax 1 country mast its recuction cormmitments under the Protocotl. When
successiu. COM and simitar mecharisms can heto fead to more totat GHG
2SS recuctions af 'ess overall cost white heliyng 10 ‘nerease By aval-
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ticuar mect m. Those encorsing this statement agree on the importance
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nat finited 1o Hiod! ity protection.
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37. Those endarsing this slatement include participants in the Global Roundtabie
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ABOUYT THE ROUNDTABLE

Recent scientific and technological advances provide the waorld with increasingly visible and troubling
evidence that human activity is having a dangerous impact on the Earth’s climate system. Consequently,
there is an urgent need fo better understand the threats posed by human-induced climate change and to
build a consensus on proactive initiatives that can help society mitigate and adapt to its impacts.

The Global Roundtable on Climate Change assists this effort by bringing together officials and leading
experts from business, civil society, international organizations, and research institutions for five years of
meetings and related activities, The Roundtable has five overarching objectives:

* To assist development of a global consensus on core scientific, technological, economic, and policy
issues related to climate change—one that simultaneousty considers the need 1o mitigate the very
significant risks posed by anthropogenic climate change and the need for economic growth and
hurman development around the world,

To identify technological and policy options for mitigating climate change while meeting giobai
energy neads,

To champion demonstration projects that test and scale sustainable energy technologies and other
activities and policies that address climate change.

To provide a unique forum for discussion, analysis and exchange of ideas among businesses,
international institutions, non-governmental organizations, policy makers, and leading academic
experts, from across economic sectors and all parts of the world.

To catalyze new initiatives and interactions among Roundtable participants to address
climate change.

Convened by The Earth Institute at Columbia University, the Roundtable is made possibie by a generous
grant from the Lenfest Foundation, which is dedicated to supporting programs primarily in the areas of
education, the arts and the environment. Detailed information on the Roundtable can be found at
http/Awww.earthinstitute.columbia.edu/groce/.

The Roundtable meetings, as well as important intersession activities, have included discussions of the
current scientific understanding of climate change; technological and policy options for mitigating climate
change while meeting global energy needs; potential areas for demonstration projects; possible roles for
the business community in discussing and addressing the climate issue; and potential principles that the
Roundtable might agree upon as important for the development of more effective global action. These
activities have provided the basis for this document, “The Path to Glimate Sustainability: A Joint State-
ment by the Global Roundtable on Climate Change.”

The Joint Statement has received endorsements from key economic stakeholders and independent
experts: leading corporations from all economic sectors—with varied interests and operations in all
regions of the world; smaller firms with very different perspectives and concerns; a diverse aray of civil,
religious, environmental, research and educational institutions; and a distinguished list of some of the
world's leading experts in the fields of climate science, engineering, economics and policy studies.
The ability of so many key stakeholders, with such diverse views, 1o agree upon the Joint Statement
demonstrates the possibility of fostering a global consensus an a positive, proactive approach to meeting
the challenge of global climate change.



188

@The Earth Institute

AT COLUMBIA UNIVERSITY

The Earth Institute at Columbia University is the world’s
leading academic center for the integrated study of
Earth, its environment and society. The Earth Institute
builds upon excellence in the core disciplines—earth
sciences, biological sciences, engineering sciences,
social sciences and health sciences—and stresses
cross-disciplinary approaches to complex problems.
Through research, training and global partnerships,
The Earth Institute mobilizes science and technology
to advance sustainable development. while placing
special emphasis on the needs of the world’s poor.

wwwy.earth.columbia.edu
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Statement of the American Public Power Association
For the Record of the Hearing Titled,
“America’s Energy Future: Bold Ideas, Practical Solutions”
Senate Committee on Finance
February 27, 2007

The American Public Power Association (APPA) appreciates this opportunity to submit
comments on the record in the above-referenced hearing. APPA is the national service
organization representing the interests of the more than 2,000 state and locally owned electric
utilities collectively serving over 44 million Americans. As not-for-profit units of state and
local government, these public power utilities are authorized to issue tax-exempt and tax-credit
bonds to construct and improve the infrastructure necessary to provide electricity and other
essential services, such as advanced communication services. Electricity is the oxygen of the
nation’s economy; vital to its continued health. Continued access to, and flexibility in the use
of, tax-exempt bonds and tax-credit bonds, is of critical importance in allowing public power
utilities to continue to provide these services, and to do so in a cost-effective manner.

Our comments will primarily focus on the implementation of the Clean Renewable Energy
Bond (CREB) program that was enacted as part of the Energy Policy Act of 2005 (P.L. 109-
58). Specifically, our comments will focus on the completed allocation process under the
CREB program last fall, and the pending allocation of additional CREB authority approved by
Congress and the President last year as part of the Tax Relief and Health Care Act of 2006 (P.L.
109-432).

The public power sector of the electric utility industry is extremely interested in the CREB
program. APPA and its members worked with Congress and the Administration for over five
years during development of what became the Energy Policy Act of 2005 to establish a tax-
based incentive for increased renewable energy production by not-for-profit electric utilities
that is comparable to the Section 45 production tax credit available to investor-owned electric
utilities. Congress ultimately enacted the CREB program precisely to provide such parity. We
appreciate congressional acknowledgement of the need for such a mechanism, and the effort it
took to achieve enactment. However, given that this is a new program, there are some
problems that must be addressed.

While we also appreciate the effort and attention the Treasury Department and the Internal
Revenue Service (IRS) have given this program, particularly in light of the increased
administrative burden it has necessitated, we nonetheless have concerns about how the CREB
program has been implemented. On November 20, 2006, the IRS announced a total of $800
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million in allocations to authorize state and local governmental borrowers and electrical
cooperative borrowers to issue tax-credit bonds to fund projects that generate clean renewable
energy. The IRS announcement stated that $500 million of the total was allocated to state and
local governmental borrowers, with the remaining $300 million allocated to cooperatives.
Unfortunately, it is estimated from data recetved from APPA members that public power
utilities have received only approximately $66 million in CREB allocations. Further, additional
information provided by the IRS reveals that the program so far has not met our initial
expectations or, in our view, those of the program’s congressional advocates.

Without regulatory and legislative refinements and improvements to the CREB program, the
public power sector will not be able to utilize the program as Congress intended. Due to the
allocation methodology chosen by the IRS to fund projects in order of dollar amount, starting
from the lowest amount and proceeding upward until the allocations are exhausted and the
broad definition of governmental body in the statute, very few public power systems with
obligations to serve retail customers received CREB allocations. This result is especially
discouraging given that, as noted earlier in this statement, the legislative policy behind the
CREBs program was to provide a comparable incentive to public power systems (along the
lines of the Section 45 production tax credit) to invest in renewable energy facilities. We have
also been concerned that the original CREB authorization treats certain elements of the
program, such as the rate and term of the bonds, in a manner that hinders the intended benefits
and the potential marketability of the bonds.

Public power systems — governmental entities that own and operate their own electric utilities -
are distinct from other governmental issuers of CREBs in that public power systems have a
legal obligation to serve their customers. This means they must plan for the resources
necessary to meet that obligation, including investments in new facilities. In addition, a
number of states now require electric utilities to provide a certain percentage of their electricity
from renewable sources. In some of these states, public power systems are directly included in
this requirement, and in others they are nevertheless expected to meet similar standards. Non-
public power governmental entities are under no similar requirement.

Moreover, it appears that the great majority of the allocations were made to governmental
entities applying to develop very small, dispersed solar projects. While solar technologies are
quite deserving of support and clearly included in Congress’ goals for the CREB program, the
apparent hugely disproportionate allocations to solar projects raises significant concerns. First,
the relatively very small output of each of these scores of solar installations, coupled with their
geographic dispersion, creates substantial inefficiency, particularly when measured on a
kilowatt hour-per-dollar-invested basis. Second, so many small dollar issuances of CREBs
(e.g., bond issues with a par amount of $1 million or less) may threaten the ability to create a
market that is attractive, particularly to institutional investors, and at the same time create a
situation where the transaction costs of individual issuances cancel out the incentive provided
by the CREB program in the first place.

Thus, from what we are able to discern, the results of the allocation process for governmental
issuers clearly indicate to us the need for further modification of the allocation process to: 1)
increase the amount and efficiency of renewable electricity generation resources; 2) better meet
Congress’ goal of comparability among sectors of the electric utility industry with regard to
incentives for increased renewable energy production; and 3) create a stable, efficient and long-
term program that is attractive to investors.
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As mentioned earlier in this statement, the CREB program was extended through 2008 in the
tax extenders bill passed in late 2006. In that bill, an additional $400 million was authorized
for allocation, of which $250 million is to be allocated to governmental issuers. It is our view
that this signals broad support for the long-term existence and success of the CREB program as
part of our nation’s goal of energy independence. We note also that the Technical Explanation
of the legislation (H.R. 6408) prepared by the Joint Committee on Taxation states in part, “It is
expected that the additional authority will be allocated through a new application process...”.
In addition, it is certain that some of the original $500 million of CREBs authority allocated to
state and local governmental borrowers will not be utilized due to unforeseen circumstances
and that some recipients will seek to return such amounts for reallocation to other eligible
issuers. Thus, we suggest that these returned allocations be included in the application process
for the new authorization. In either event, we strongly hope that our concerns regarding
allocations as part of the new application process will be addressed either through regulatory or
legislative means. We look forward to working with Congress and the IRS to refine and
improve the program.
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3/8/07
STATEMENT FOR THE RECORD
UNITED STATES SENATE COMMITTEE ON FINANCE
2/27/07 HEARING:
“AMERICA’S ENERGY FUTURE: BOLD IDEAS, PRACTICAL SOLUTIONS”

SUMMARY:

Section 45 of the federal tax code should be amended to include a tax
credit to facilitate high-Btu landfill renewable energy projects which convert
landfill gas (50% methane and 50% mostly carbon dioxide) into pipeline
quality natural gas. Currently, Section 45 provides a tax credit for landfill
projects only if electricity is produced on the landfill from landfill gas.

More modern technology allows landfill gas to be processed into
natural-gas-pipeline quality product gas (“High-Btu Projects”). Although
these High-Btu Projects are more efficient and cleaner than the onsite
electricity-generating projects, no tax credit is currently provided.

Thus, the current tax code disadvantages the more efficient, more
environmentally friendly High-Btu Projects which are a significant source of
clean, renewable energy. According to the EPA, just one High-Btu Project
on a typical landfill (e.g., 5,000 cfm landfill gas flow) on an annual basis
will: displace 65,233,741 gallons of gasoline; avoid the importation of
1,387,952 barrels of oil; or heat 37,543 homes.

Amending Section 45 to include High-Btu Projects on landfills would
“level the playing field” for this important renewable energy source. This
would allow the market to fairly determine the best renewable energy use for
landfill gas, with a minimal net cost to the Treasury as discussed below.

LANDFILL GAS USES:

Most landfills are required to install landfill gas collection systems to
burn (“flare™) the landfill gas or to use the landfill gas for a renewable
energy project. There are three types of landfill energy projects: (1) “direct

HEADQUARTERS PITTSBURGH OFFICE

P.O. Box 485 info@greengasenergy.com 5807 Wainut Street rwoladstone@comeast.net
226 Lumber Street Phone: 724.722.7068 Pittsburgh, PA 15232 Phone: 4123850138
Yukon, Pa 15698 Fax:  724.722.7068 Cel.  412.980.3036
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use”, where the unprocessed landfill gas is piped into a nearby factory
boiler; (2) “electric”, where the unprocessed landfill gas is fed into a 12-
cylinder internal combustion engine which drives a small generator
producing electricity; and (3) “High-Btu Projects”, where the landfill gas is
processed to separate the methane which may be delivered into a nearby
natural gas pipeline.

As of December 2003, there were 395 landfill energy projects in the
US, over 80% of which are “electric” projects and most of the remaining are
“direct use” projects, leaving only 9 “High-Btu Projects”. See the EPA’s
website at www.epa.gov/lmop. The reason why “electric” projects dominate
is that Section 45 (and its predecessor, Section 29) gives a tax credit
(approximately $0.01/kWh) for only those landfill projects which produce
electricity on the landfill.

HIGH-BTU LANDFILL PROJECTS versus ELECTRIC PROJECTS:

When Section 45 was passed, the technology for “electric” landfill
projects was fully developed. However, the technology for “High-Btu
Projects” was not perfected until after passage of Section 45.

The efficiency (Btu equivalent energy produced divided by Btus used)
of “electric” landfill projects is about 16% due to the relatively small size
engines/generators used; whereas, the efficiency of a typical “High-Btu
Project” is over 85%.

Moreover, “electric” landfill projects produce SOX and NOX
pollutants from the engines used; whereas, “High-Btu Projects” generate no
emissions whatsoever.

Hence, Section 45, in providing tax credits only for landfill projects
which produce electricity on-site, disadvantages the more efficient and
cleaner “High-Btu Projects”. Amending Section 45 to include a similar tax
credit for “High-Btu Projects” would create a “level playing field” so that

HEADQUARTERS PIrTssurGH OFFICE
P.0. Box 485 info@greengasenergy.com 5807 Walnut Street rwyladstone@comeast net
226 Lumber Street Phone; 724.722 7069 Pittsburgh, PA 15232 Phone: 412.365.0138
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the market could then fairly determine the best use of landfill gas for
renewable energy projects.

PROPOSED LEGISLATION:

Section 45 should be amended to include a $2/million Btu tax credit
which would be phased out to $0 when natural gas prices reach $8/million
Btu (phased out proportionately as natural gas prices go above $6/million
Btu to $8/million Btu, i.e., a $2 credit at $6 natural gas prices, a $1 credit at
$7 natural gas prices and no credit when natural gas prices reach $8/million
Btu or more). Senator Santorum introduced S. 3997 to so amend Section 45.

Such a credit is equivalent to the existing $0.01/kWh tax credit given
to “electric” landfill projects under Section 45 (which, however, is not
phased out as electricity prices rise).

Financing “High-Btu Projects” is made difficult by the volatility of
natural gas prices (which determine the profitability of ‘High-Btu Projects”
which sell their product gas at natural gas prices). Because natural gas prices
have fallen to $6/million Btu in the recent past, lenders and investors for
“High-Btu Projects” will require conservative 15-year pro forma projections
of natural gas prices at around $6 which makes financing difficult.
Amending Section 45 to provide “High-Btu Projects” with a $2/million Btu
tax credit (phased out at $8 natural gas prices) would then cause financing
“High-Btu Projects” to assume an equivalent of $8 natural gas prices at
which “High-Btu Projects” are then much more financially viable.

HIGH-BTU LANDFILL PROJECTS SHOULD BE ENCOURAGED:

One “High-Btu Project” on a typical landfill (5,000 cubic feet/minute
landfill gas flow) on an annual basis (according to the EPA’s website at

www.epa.gov/imop) will:

* Displace the use of 65,233,741 gallons of gasoline;

HEADQUARTERS PITTSBURGH OFFICE
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* Avoid the importation of 1,387,952 barrels of oil; or
e Heat 37,543 homes.

There are 569 landfills on the EPA’s above-referenced website listed
as “candidate landfills” for landfill gas energy projects. “High-Btu Projects”
on these landfills could provide a significant source of clean, renewable
energy to combat our reliance on foreign oil. Qur tax laws should not favor
the less efficient and less clean use of landfill gas to produce electricity
onsite. A “level playing field” should be provided by amending Section 45
to give equal treatment for “High-Btu Projects” on landfills.

NO NEW COST TO THE TREASURY:

Assuming the existing Section 45 tax credit for “electric” landfill
projects is continued (which it should be), then there would be no new net
cost to the Treasury from amending Section 45 to include “High-Btu
Projects” on landfills.

Landfill gas rights are extremely competitive. Whenever landfill gas
rights are available for an energy project, the landfill owner solicits
proposals on the EPA’s Landfill Methane Qutreach Program website. At
least 10 bids will be submitted, most for “electric” projects and a few “High-
Btu Projects” will also be bid. The “electric” projects most always win in no
small part due to the Section 45 tax credit being available only for the
“electric” project bids.

If Section 45 were amended to include a similar tax credit for “High-
Btu Projects”, then for every landfill project awarded for a “High-Btu
Project” there would be one less “electric” project receiving a similar tax
credit. Thus, no new net cost to the Treasury from so amending Section 45.
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BACKGROUND OF STATEMENT PROVIDER:

Richard W. Gladstone, II is a Lehigh University engineering graduate
and CEO of Green Gas Energy, LLC which, with its affiliates (“GGE"),
designs, builds and operates “High-Btu Projects” which convert landfill gas
into pipeline quality natural gas. GGE is a Pennsylvania company employing
30 people and operating two “High-Btu Projects” in the Pittsburgh,
Pennsylvania area.

Respectfully submitted,

Richard W. Gladstone, II
CEO, Green Gas Energy, LLC
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STATEMENT OF NGVAMERICA

SUBMITTED TO THE SENATE FINANCE COMMITTEE
February 27, 2007 Hearing

America’s Energy Future: Bold Ideas, Practical Solutions

Iatroduction

NGV America appreciates the opportunity to provide the following statement concerning America’s
energy future. NGV America is a national organization of over 100 member companies, including:
vehicle manufacturers; natural gas vehicle (NGV) component manufacturers; natural gas
distribution, transmission, and production companies; natural gas development organizations;
environmental and non-profit advocacy organizations; state and local government agencies; and fleet
operators. NGV America is dedicated to developing markets for NGVs and building an NGV
infrastructure, including the installation of fueling stations, the manufacture of NGVs, the
development of industry standards, and the provision of training.

The Finance Committee has indicated it will hold a series of hearings to address the nation’s energy
future. "This effort also will address the climate change implications of energy use. The first hearing
on this issue was held February 27, 2007. NGV America’s comments respond to the committee’s
invitation for interested organizations to provide statements for the record. Qur statement also
addresses the Bush Administration’s goal for 2017 of using 35 billion gallons of non-petroleun
fuels.

NGV America is pleased to provide the following statement to the committee as it considers these
very important issues. NGVs can and will play an increasing role in replacing petrolenm motor fuels
and reducing emissions that contribute to climate change. Congress already has taken a number of
steps to encourage greater use of natural gas and other alternative transportation fuels. These steps
were enacted as part of the Energy Policy Act of 2005 and SAFETEA-LU. These incentives include
tax credits for alternative fueled vehicles, alternative fuel infrastructure and alternative fuel use.
Consumers and businesses alike are benefiting from the congressional action that was taken to
encourage the increased use of alternative fuels. However, much more must be done if the US. 1s to
begin the long process of transitioning away from the use of petroleum motor fuels — especially if
America is to achieve the goal called for the President in his State-of-the-Union address of
displacing 35 billion gallons of petroleum transportation fuels by 2017. This effort will require
sustained and sigmificant federal support since the risks associated with this effort are simply too
great for private industry to undertake them alone in the timeframe needed. Moreover, this effort
will require a mix of different transportation fuels to fill the void provided by petroleum since no
one single fuel appears likely to supplant petroleum.

The comments provided below discuss the potential benefits of increasing the use of NGVs and
ways in which the committee can assist in achieving them. Increasing the use of natural gas vehicles
(NGVs) can: (1) reduce America’s dependence on foreign oil, (2) improve air quality in urban areas,
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(3) reduce emissions of greenhouse gases, and (4) pave the way for the more rapid mtroduction of
hydrogen transportation technologies.

Summary of Recommendations
1. Extend and amend the tax incentives for purchasing natural gas vehicles, using natural gas in
those vehicles and building natural gas fueling infrastructure.
2. Provide the same tax incentive for biogas converted to biomethane as currently exists for
biogas used for electricity generation.
3. Provide tax incentives for natural gas use in off-road vehicles.

Rationale for Recommendations

Reducing Petroleum Reliance
There has been much discussion and controversy about the energy balance of various alternative

tuels and their ability to reduce petroleum consumption. In the case of natural gas, each gasoline
gallon equivalent of natural gas used for transportation displaces nearly 100 percent of the
petroleum that would otherwise be used in the form of gasoline or diesel fuel. Furthermore, nearly
85 percent of the natural gas currently consumed in the U.S. is from domestic sources — produced
right here in the continental U.S., the Gulf of Mexico, or Alaska. Most of the remainder is imported
from Canada. The total U.S. natural gas resource base, including proved reserves, is more than
1,300 trillion cubic feet, over a 65-year supply of natural gas at current production levels." Thus,
U.S. supplies of natural gas are abundant and secure. With sufficient will, supplies of conventional
natural gas will continue to grow as U.S. demand for this valuable fuel grows. And with the rght
incentives, non-conventional, renewable sources of natural gas also could increasingly be available to
U.S. consumers. For example, an analysis previously conducted for DOE estimated that the U.S.
could feasibly produce 1.25 quadnilion Btu annzally. "This 1s equivalent to 10 billion gasoline-gallon-
equivalent of biomethane from landfills, animal waste processing factlities, and sewage.

Biomethane is pipeline-quality natural gas produced by cleaning up and purifying biogas. Biogasis a
mixture of methane and other gases produced from the decomposition of organic materials such
landfill waste. Thus, biomethane is a renewable source of natural gas. In the U.S,, the production of
biomethane has been overshadowed by the production of electricity from biogas. This is partly
because the U.S. tax code encourages renewable electricity production but does not encourage
biomethane production. In addition, many of the incentives recently adopted in the Energy Policy
Act of 2005 (grants, loan guarantees, demonstration projects) favor bio-refineries that produce liquid
fuels, or more specifically ethanol. If these incentives were expanded to be biofuels-neutral, the U.S.
could more quickly realize the potential of this valuable fuel source. Other countries are moving
forward with biomethane development even as they also move forward with increased ethanol use.
In Sweden, twenty-five biomethane production facilities are in use and there are sixty-five fueling
stations now dispensing biomethane for transit buses and other vehicles.” Some positive

developments are occurring here in the U.S. California officials recently signed a memorandum of

1 See - American Gas Associations {U.S. Resource Base) - hutp://www.aga.org.
? See State of California Department of Resources Pre

ss Release June 29, 2006 -
hup://resousces.capov/press_documents/CaliforniaSwedenBiognergyMOURelease 06 29 06.pdf
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understanding to work with officials from Sweden to advance the use of biomethane as part of
California’s bioenesgy initiative.” And just this year, Prometheus Energy, a Washington State-based
company, began producing biomethane at the Bowerman Landfill in Irvine, California.* This facility
will be producing 5,000 gasoline-gallon-equivalent of biomethane per day. The biomethane will be
used to fuel low-emission, transit buses operated in Orange County.

If fully utilized, biomethane could offset nearly all or most of the future demand for patural gas as a
transportation fuel. As noted above, the potential exists to produce an estimated 10 billion gallons
equivalent. This amount of fuel represents nearly a third of the President Bush’s announced target
for 2017 of achieving the production and use of 35 billion gallons of non-peiroleum motor fuels.®
Current demand for natusal gas as a transportation fuel in the U.S. stands at about 200 million
gallons per year. Thus, the increased use of natural gas for transportation could grow substantially in
the coming years, offsetting a large amount of petroleum, and be supplied almost exclusively by
renewable sources. Importantly, most of the fuel inputs that would be used to produce biomethane
(e.g., sewage, landfill gas, animal waste) are currently underualized or not used at all. Therefore,
encouraging the production and use of biomethanc would not harm other industries and would
provide additional revenue stream for those industries that currently process and handle these
feedstocks. Farmers and other operators of animal facilities can install anaerobic digester systems to
convert their animal waste to usable biomethane -- with valuable, sanitary fertilizer as a byproduct.
Longer term, cellulosic crops could be used to produce biomethane. Currently, the focus on
cellulosic biofuels is on cellulosic ethanol. However, cellulosic crops also could be used to produce
biomethane if the government were to provide biomethane refineries the same level of incentives as
currently being given to ethanol biorefineries.

Climate Change Benefits
The use of conventional natural gas in motor vehicles reduces greenhouse gas emissions by 15 - 20

percent.’ More recent emission testing programs indicate that greenhouse gas reductions from using
natural gas in heavy-duty applications may be as much as 20 - 30 percent, based on improvements
to natural gas engine technology and changes to petroleum fueled vehicles.” These emission benefits
are m addition to the very large reductions in volatile organic compounds, nitrogen oxides and air
toxics provided by using natural gas as a motor vehicle fuel.

The greenhouse gas benefits provided by natural gas vehicles are significantly greater if the natural
gas is biomethane. This is because capturing and using biomethane offsets flaring or venting of
methane emissions that would otherwise occur, and also offsets the emisstons associated with

3 bce Memorandum of Understanding Berwem \tate of (,ahforma and Sweden;

M Sec GreenCar C ongre
Prometheus Energy - hitp: .
3 The President’s Advanced Lnergv Initative now mclude~ a tazget of achieving 35 billion galions of non-petroleum
motor fuels. Few details have been released on this target but 1t is believed that it is based largely on increased use of
ethanol. A gallon of ethanol, however, has far less energy than a pasoline gallon, about 35 percent less energy content.
1f the 35 billion gallon target is based on the energy content in ethanol, achieving 10 billion gasoline galion equivalent of
biomethane would actually represent about 43 — 44 percent of the Prccxdcnt s target

6 See %rgoune T\Imtlom.l Labora{()rv, GREET ’\Iodd (2007),




200

producing, refining and burning gasoline and diesel fuel. Methane is a significant greenhouse gas -
estimated to be 21 times as intense a greenhouse gas as carbon dioxide. Capturing and “flaring”
biogas reduces the methane to carbon dioxide. But, in doing so, its energy value is wasted. An
energy-wise and greenhouse gas-wise alternative is to capture the biogas from these renewable waste
sources, convert that biogas to biomethane, and use the biomethane to displace petroleum or other
fossil fuels in transportation or other energy applications. 1f the potential biomethane resources in
the U.S. were realized (Le., 10 billion gallons per year), the estimated greenhouse gas reductions
would be on the order of 500 million metric tons of CO, per year — or the equivalent of removing
90 mullion light-duty gasoline vehicles from the roads.

Paving the Way for Hydrogen

DOF’s long-range plans to address energy independence and lessen the environmental impact of
motor vehicles call for a transition to hydrogen fuel cell vehicles (FCVs). This goal includes
producing hydrogen from renewable encrgy sources, such as solar, wind, or even landfills. In the
near-term, however, hydrogen will most likely be produced by steam-reforming natural gas.
Currently, natural gas steam-reforming represents nearly all U.S. hydrogen production (used mostly
by refineries) and about half of world hydrogen supply. Natural gas is used because methane (the
main constituent of natural gas) has the highest hydrogen-to-carbon ratio of any hydrocarbon fuel.
Thus, natural gas provides a near-term, widely available feedstock with a proven technique for
separating out hydrogen molecules. During the initial launch of hydrogen-fueled vehicles (both
FCVs and internal combustion engine vehicles, or ICEVs), it is likely that demand for hydrogen fuel
in the transportation sector will be met through the steam reforming of natural gas.

There is another equally important link between natural gas and hydrogen, however. That link is the
infrastructure, technology, and experience currently being developed to use compressed natural gas
and hiquefied natural gas as transportations fuels. By advancing the market for CNG and LNG, it
just might be possible to accelerate the transition to hydrogen. Attached is a list of some of the ways
increased use of natural gas is making the hydrogen future more viable.

Tax Policies and Incentives Needed to Increase Natural Gas Use
In order to achieve the potential benefits of increased natural gas use, NGV America urges the
Finance Commuttee and Congress to consider the following measures.

1. Alternative Fuel Excise Tax Credit

The 2005 Transportation Law (SAFETEA-LU, § 11113, Pub. L. No. 109-59) provides tax incentives
for natural gas and other alternative fuels when used as vehicle fuels. That alternative fuel credit
expires on 9/30/2009. This short timeframe sends the wrong message to businesses and consumers
about the government’s support for using natural gas and other alternative fuels, and is inconsistent
with the President’s 2017 goal of replacing 35 billion gallons of petroleum with alternative fuels.
Therefore, the incentive for alternative fuels should be extended until the end of 2016. Moreover,
Congress should clanfy that the tax credits provided for alternative fuels are not includable in
income since such treatment would significantly discount the benefit (and, therefore, the impact) of
this incentive. The IRS is currently looking at the treatment of the tax credits when taken by taxable
entitics, and has indicated that they may be includable income. Also, the tax credits for alternative
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fuels should be amended so that they are available on an accelerated basis just like the alternative
fuel mixture credits; taxpayers filing for alternative fuel credits currently must wait until end of year
to file certain claims (over and above excise tax offsets) while persons filing for alternative fuel
mixture credits may file multiple claims during the year for payments from the government.

2. Alternative Fuel Vehicle Purchase Income Tax Credit

The 2005 Energy Law (EEPAct 2005, § 1341, Pub. L. No. 109-58) provides tax credits for the
purchase of dedicated alternative fuel vehicles, including NGVs. The alternative fuel vehicle credit
expires on 12/31 /2010. As with the fuel credit above, the short timeframe for this incentive sends
the wrong message to businesses and consumers about the government’s support for NGVs, and is
inconsistent with the President’s petroleum replacement goal. Therefore, the incentive should be
extended until the end of 2016. The existing credit covers 80 percent of the incremental price for
dedicated vehicles that meet the most stringent emission standards, and 50 percent for other
dedicated vehicles. Since much of the emphasis on promoting alternative fuels has shifted to
petroleum replacement and since dedicated NGVs displace 100 percent of the petroleum that would
otherwise have been used, the credit for dedicated vehicles should be expanded to 90 percent of the
incremental price. Congress also should provide a credit of 50 percent of incremental cost for the
acquisition of bi-fuel NGVs since some businesses and consumers will continue to demand the
flexibility of a multi-fuel vehicle until alternative fueling infrastructure is more widespread. In order
to make these credits attractive to businesses, they should be exempt from tentative minimum tax
provisions. Imposition of the minimum tax means that most lacge fleets are only able to use the tax
credits as an incentive to acquire a very small number of new NGVs each year. Fleets represent the
best opportunity to maximize the use of alternative fuels but this opportunity will not be realized if
fleets receive an incentive that encourages no more than one or two NGV acquisitions each year.

3. Alternative Fueling Station Income Tax Credit

EPAct 2005 (§ 1342, Pub. L. No. 109-58) provides for an income tax credit of 30 percent up to a
maximum of $30,000 for the installation of business NGV fueling stations and $1,000 for home
refucling equipment. This incentive is inadequate to spur fucling station expansion. Large natural
gas fueling facilities, capable of fast-filling frequent customers, cost up to $1 million. The cost of
even the least expensive home refueler (with installation) can be upwards of $5,000. Therefore, the
fueling station credit should be increased to 50 percent with a maximum of $300,000, and the home
refueling credit to a maximum of $2,000. The tax credit for fueling infrastructure also should be
exempt from the minimum tax provisions. Most fueling facilities are currently being developed by a
small number of companies that build and operate stations for customers. If tax credits are subject
to minimum tax, these businesses will only be encouraged to install 2 minimal number of new
stations each year.

4. AFV and Fueling Infrastructure Tax Credit for Not-For-Profits

As mentioned above, EPAct 2005 (§§ 1341 -1342, Pub. L. No. 109-58) provides an income tax
credit for part of the incremental price of new alternative fuel vehicles and alternative fuel stations.
In an effort to ensure that public agencies also could benefit from this incentive, Congress provided
that, when the purchaser is a public entity, the income tax credit can be passed back to the vehicle or
equipment seller — with the expectation that the seller would pass some or all of the incentive to the
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buyer in the form of a lower purchase price. For a number of reasons, however, very few public
agencies have benefited from this provision. Frequently, the sellers do not have sufficient tax
Habihity. Transit bus manufacturers are a good example. In other cases, the alterpative minimum tax
eliminates the seller’s ability to capture (and, therefore, pass on to the public agency) the tax credit.
To provide public agencies with a clear and certain incentive to buy alternative fuel vehicles and
install associated fueling stations, Congress should provide public agencies with the option of
receiving the value of the credit as a federal grant or other direct federal payment.

5. Biomethane Production Credit

Biogas (i.e., methane-rich gas produced from animal waste, crop waste, crops, sewage and landfills)
that is used to produce electricity is eligible for a Section 45 production tax credit.® However, if that
same biogas is used directly (e.g., for on-site steam production) or is converted to pipeline quality
methane and used for any other purpose, the biogas producer receives no credit. All use of
renewable biogas should be encouraged. Therefore, the Section 45 biogas credit should be
redefined to include all energy uses of biogas.

6. Tax Credits for Off-Road Vehicles

‘T'he vehicle, infrastructure and fuel use credits for alternative fuel vehicles included in the 2005
Energy and Transportation laws are generally limited mostly to on-road vehicles. However, about a
quarter of the fuels used in transportation are used in off-road vehicles. Since these vehicles do not
have to meet on-road vehicle emission standards, they tend to produce far more emissions than
comparable on-road vehicles. To help reduce our dependence on foreign oil as well as air pollution,
off-road vehicles should be provided financial incentives to move to non-petroleum fuels and
technologies.

Conclusion

NGV America appreciates the opportunity to provide these comments. We look forward to working
with the committee as it crafts legislative proposals to address our nation’s energy future in ways that
will diversify the mix of fuels used in transportation, provide greater energy security, reduce reliance
on petroleum fuels, and increase the use of fuels that address climate change.

$See 26 US.C. § 45.
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Attachment
How NGVs and Helping to Paved the Way for a Hydrogen Transportation Future

Fuel Storage

Unal major breakthroughs in hydrogen storage technologies are realized, hydrogen will most likely
be stored on-board vehicles as a compressed gas or a cryogenic liquid. Today’s prototype hydrogen
vehicles are able to use existing tank technology for CNG or liquefied natural gas (LNG) vehicles as
base technologies for hydrogen storage. However, to achieve commercialization objectives (e.g.,
sufficient drving range), FCVs and other types of hydrogen vehicles will require ongoing
advancements in on-board hydrogen storage technology. Fuel storage capacity also must be safely
increased, while reducing cost and weight. Because of similar material and manufacturing issucs,
several companies that make NGV tanks are also designing improved fuel-storage systems for
hydrogen vehicles, applying their vast experience from years of developing onboard CNG and LNG
tanks.

Fuel Management and Safety Systems

As with fuel storage technologies, commonality exists among companies working on fuel
management systems for NGVs and FCVs. Generally, advancements made for natural gas systems
also have application to hydrogen systems. Onboard safety technology designed for NGVs (e.g., gas
detection and fire suppression) are also being applied to hydrogen vehicles.

Fueling Station Infrastructure & Dispensing Equipment

Fuel cell vehicles will deliver the greatest benefits (zero emissions, highest system efficiency) if they
are designed to operate on direct hydrogen, rather than operating on hydrogen reformed onboard
the vehicle. FCVs, therefore, require access to hydrogen fueling stations. It is unlikely that, early on,
hydrogen for these stations will be produced at large methane-reforming plants, and transported to
the stations via trucks or pipelines. A far more likely scenario is that the hydrogen will be reformed
in relatively small volumes a7 the local station using pipeline natural gas. Pre-existence of the
necessary natural gas pipeline infrastructure makes this feasible. The U.S. has more than 1.3 million
miles of natural gas transmission and distribution lines. In addition, the U.S. has more than 1,000
fucling stations that currently supply natural gas for motor vebicle use. It only makes sense that
some of these stations also would be modified to serve fleets using hydrogen fuel. In fact, some
already are providing hydrogen. The existing nataral gas infrastructure makes reforming of natural
gas at existing gasoline stations a convenient, relatively cost-effective option for producing
hydrogen. Today’s natural gas dispensers are a bridge technology to pumps that will fuel
tomorrow’s vehicles using either compressed or liquefied hydrogen. Much commonality exists
between systems that dispense and meter these two fuels, whether in gaseous or liquid form.
Consequently, today’s natural gas dispensers are paving the way for affordable, user-friendly
hydrogen dispensers. NGVs also can be refueled overnight at home -- a major advantage compared
to gasoline vehicles. Today’s home refueling appliances (HRAs) that dispense CNG are also being
designed for longer-term capability to refuel FCVs in the residental setting. In this way, home
refueling of NGVs provides a clear pathway to the longer-term scenario of fueling FCVs at home.



204

Natural Gas/Hydrogen Blends

Compressed hydrogen can be blended with CNG to produce an exceptionally clean transportation
fuel. With relatively minor vehicle modifications, this blend can be used in today’s heavy-duty
NGVs. For example, transit buses at SunLine Transit Agency in the Coachella Valley are operating
in revenue service on a blend of CNG and hydrogen. This is helping SunLine to gradually transition
its bus fleet to 100 percent operation on hydrogen. Similar efforts are underway in other areas, such
as Las Vegas. Many members of the NGV America are cooperating in efforts to develop and
demonstrate vehicles that operate on this type of hydrogen-natural gas mixture.

Codes & Standards, and Safety Training

A host of other ongoing issues must be addressed for hydrogen to become a common
transportation fuel. Many of these issues currently are being addressed by users of natural gas
vehicles. As hydrogen transportation technologies gradually move from the demonstration phase
into commercial deployment, a new structure of human support services will be needed. This
includes specialists such as mechanics, inspectors, and fire marshals who are familiar with FCVs,
hydrogen fuel, and fueling stations. The NGV industry is already helping to create such a support
structure. To serve today’s well- established markets for NGVs and natural gas fueling stations,
thousands of people have been trained in related jobs. This support structure continues to grow,
serving as a harbinger for training of America’s future hydrogen workforce and the people who will
be responsible for deploying hydrogen vehicles and fueling stations on a commercial scale.



