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Opinions

1. Climate change on the Earth is real. Much of the observedaiial warming may be
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attributed to human releases of greenhouse gases.

. The Earth is nite. All biomass-to-liquid-fuels schemesre insu cient to sustain our

current levels of energy use.

. One cannot remove biomass from natural ecosystems. Thesaienti c misconception

that one may keep on taking biomass from natural systems wittmpunity and for
prolonged periods of time will cause untoldjrreversible damage to the Earth and

humans.

. Conservation and energy e ciency should always be consickd rst. The existing

schemes of converting solar energy to mechanical work are toptwo orders of magni-

tude more e cient than biomass-liquid fuel schemes.

. There are viable renewable energy alternatives: solarind, wave, biomass, ocean

thermal.

. The HECO proposal is inadequate in several ways:

(a) The proposed plant (110 MW) falls short of HECO's stated eed (170-200 MW).

(b) The proposed plant would continue to put too much emphasion one fuel source
(Hawaii has the most concentrated fuel portfolio in the natin, 78 percent comes

from oil).
(c) Ethanol production wastes resources (water, soil) thatould be put to better use.
(d) Ethanol production is not an e cient way of creating fuel.
(e) It is naive to claim that Brazil ethanol is a success story

(f) If biomass is the answer, it makes more sense to burn it @ictly.
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» Part |

. Preliminaries

N

» 1 Background

27 1. I am a Professor of GeoEngineering at the University of Gfdrnia, Berkeley. Prior to

28 Berkeley, | was a Senior Research Engineer with Shell Devaleent, Bellaire Research
29 Center in Houston, TX, and a Senior Reservoir Engineer withiell Western E&P in
20 Bakers eld, CA.

31 2. At Berkeley | have worked on the mathematical modeling ofow of oil, water, and

3 gas in the subsurface at di erent scales, smart control of wer ood projects, and on
3 the thermodynamics and ecology of biofuel cycles. | have ttoughly investigated the
3 feasibility of large-scale energy supply from corn, sugante, tree biomass, soybeans,
3 and sun owers.

3 3. At Berkeley, | have taught courses on the environment, elogy, and energy supply:

a7 E11, Principles of Environmental Engineering and Scien¢ceand CEZ24, Sustainable
38 Energy Sources: Solar, Biomass, and...Conservatiotn Spring 2007, | will oer a
39 new senior undergraduate/graduate course CE178Bnergy, Earth, and Humans

40 4. In the courses | have taught at Berkeley, and in numerous plic lectures, debates and

a interviews, my main goal has been to show how the principle$ science { physics,
2 thermodynamics, chemistry and biology { apply to the open, @amplex and dynamic
23 living systems. | have attempted to explain how the laws of nare constrain what
a4 we may or may not do in terms of energy supply and its environmt&l impacts. The
15 particular subjects | have been covering are:

a6 (&) What the Earth can and cannot do for us (Lovelock, 1988; Qdn, 1998)

a7 (b) Accumulations (coal, petroleum, old growth forest) anduxes (solar irradiation)
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(c) Dierences between old and new solar energy (Odum, 1998ate of use, rate of

sequestration)
(d) Ecosystems, their dynamics and equilibria (Odum, 1998)

(e) The Earth as a system closed to mass ow and open to heat oWJlanowicz
and Hannon, 1987; Patzek, 2004; Pimentel and Patzek, 2005t#ek et al., 2005;
Patzek and Pimentel, 2006; Patzek, 2006c; Patzek, 2006et#&k, 2006a; Patzek,
2006f; Patzek, 2006d; Patzek, 2006b)

(f) Accumulation of wastes on the Earth (Georgescu-Roegeh971)

5. At Shell Development, historically the most in uential research organization in the
oil industry, | became involved in the modeling of energy sygy schemes for human-
ity, such as tar sands in Canada, ultra heavy oil deposits in@&nhezuela, in-situ coal

gasi cation and liquefaction, and oil shale.

6. Shell Development was established and managed for 20 wehy Dr. Marion King
Hubbert , the author of revolutionary papers on sustainability of veious energy supply
schemes (Hubbert, 1949; Hubbert, 1956; Hubbert, 1962; Hubt, 1969; Hubbert,
1971). Public o cials responded slowly toKing Hubbert 's message, but he was
much honored by his fellow scientists. Elected to the Acadgnof Sciences in 1955 and
the American Academy of Arts and Sciences in 1957, he receitbe Geological Society
of America's Arthur L. Day Medal two years later and became tb body's president in
1962. In 1977 he received the Rockefeller Public Service Ada

2 Units of Energy

For the unit of energy | will use 1 joule (J). It is a fairly smal amount of energy. A little more
than 4 joules are necessary to heat one teaspoon of water byeategree on the Celsius scale.
For the unit of power | will use one joule per second (J/s) or 1 ait (W). On average, an adult
sedentary human needs about 100 W continuously to live andrfation. This requirement

makes a human equivalent to one 100 W bulb operating continusly.
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Larger energy units are the powers of 1 joule. We use kilo jesl (kJ), mega joules (MJ),
giga joules (GJ), tera joules (TJ), peta joules (PJ), and exgoules (EJ).

Here is the list of these derived energy units:

1kJ is 1 000 or 18 joules

1MJ is 1 000 000 or 1Djoules

1GJ is 1 000 000 000 or Pgoules

1TJ is 1 000 000 000 000 or ¥Djoules
1PJ is 1 000 000 000 000 000 or **goules

1EJ is 1 000 000 000 000 000 000 or'igoules

During one year, the US population requires

100#&3% 300 000 000 persons 3600 24 365 s/year 1 EJ/year (2)

as food.

The amount of energy required to feed the entire US populatidfor one year, 1 10'8
J or 1 EJ, is the fundamental unit in which all other energy ows in the US economy

will be described.

Another unit of energy is 1kWh (kilo watt-hour); it is equal to 3.6 MJ. An average
household electricity bill is about 1000 kwh/month, or 3.6@/month. To produce this
electricity with an overall e ciency of 0.32, we need to burn11.25 GJ/month of a fossil fuel,
or 135 GJlyear. This amount of energy is equivalent to the tal energy in 2.9 metric tonnes
of gasoline. So each household in the US is responsible torbng almost 3 metric tonnes of

gasoline equivalents per year to obtain the needed electtyc
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3 Energy Use in the US

3.1 Data Sources

The main source of energy and price data is the US Department Bnergy Energy

Information Agency (EIA), http://www.eia.doe.gov.
The solar cell data can be obtained from EIA, and also from hpt//www.solarbuzz.com.

The wind turbines are thoroughly discussed infThe True Cost of Electricity from
Wind Power and Windmill \Availability" Factors by Glenn R. Schleede , http://-

www.mnforsustain.org/windpower schleede costs of electricity.htm

3.2 Electricity

In 2003, the US electricity consumption was 3 883 185 millidiWh, or 14.0 EJ/year.

Fifty one percent of electricity was generated in coal- regower plants, 20% in nuclear
power plants, 17% in natural gas-red power plants, 7% in hy@® power plants, and 3%
each by oil- red on other power plants. Solar electricity geeration was only 0.02 % of
the total, and wind electricity generation was 0.13 % of thedtal. In other words, only 2
parts in 10000 of electricity generated in the US in 2003 canieom solar cells and solar

collectors/concentrators. Only 1 part in 1000 came from wiahturbines.

The largest power plants in the U.S are:

Grand Coulee Hydro Dam  located 28 miles north east of Coulee City in Grant and
Okanogan Counties on the Columbia River. It is the largest ewrete structure in the
USA. The plant is owned and operated by the US Bureau of Reclation. The dam is
used as a peaking facility, and its newly upgraded turbinesestielop power of 805 MW
each. The power plant is now capable of generating 6795 MW dédricity. The lake
holds 16 10° m® of water and has the surface area of 101 million%m The power
density delivered by the lake/dam system is 67 W/rf of lake surface. The Columbia

River drains a 670 000 krh basin that includes territory in seven states in the US and
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Figure 1: Electricity generated in the US in 2003 by source. he \Other" category consists

almost entirely of burning biomass to generate electricity

a Canadian province. The power density of the dam/drainageasin system is 0.01

W/m 2 of the drainage basin.

Center Point Energy Houston Elec in W. A. Parish, near Thompson, TX, generates
3766 MW of electricity. This plant is on 1975 hectares, has 4g- red and 4 coal- red
steam generators. The power density delivered by the plarg 190 W/m?, just below

the time-averaged insolation of the ground surface in the US about 200 W/m?.

Palo Verde Nuclear run by Arizona Public Service Co. has the electrical power &733
MW and the area of 1640 hectares. The power density is 230 W#mnabove the time-

averaged insolation of the ground surface.

For comparison, a good wind farm may achieve a power densit§ .2 W/m?, up to 4
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W/m 2 in those rare sites, which have strong wind that blows from #h same direction. A

photovoltaic (solar cell) farm may achieve the time-averagl power density of 10-20 W/m.

3.3 Petroleum

In 2003, the US consumed 20 034 000 barrels of petroleum pey.d@onsumption refers to
petroleum products supplied, which is equal to eld produdbn, plus re nery production,
plus imports, plus unaccounted for crude oil, minus stock eimge, minus crude losses, minus
re nery inputs, minus exports.

One barrel of petroleum, or 42 US gallons, can hold approxinedy 136 kilograms of good
quality crude. If this crude is burned, it can generate at mdghigh heating value) 42 MJ/kg.
So, in 2003, the US used 41.8 EJ/year of primary energy as ceudil. In 2004 and 2005,
crude oil consumption in the US increased by 3.8 and 3.1%, pestively, compared to 2003.

Fifty six percent of all crude oil consumed in the US was impted. In 2003, the to-
tal US expenditure on crude oil was $209 billions (the compits re ners' average price of
$28.53/barrel), of which $117 billions were spent on the ingoted crude oil. In 2004, this
cost was 30% higher (the composite re ners' average price$86.98), and it was 76% higher

in 2005 (the composite re ners' average price of $50.23/ba).

In 2003, the US burned 519.171 billion liters of motor gasok with an average density
of 0.74 kg/L and the high heating value of 46.7 MJ/kg. Thus, tle annual use of gasoline
amounted to 17.9 EJ of primary energy (onlyx 20% of this energy was converted into shaft
work of moving automotive vehicles). In 2004 and 2005, motgasoline consumption in the

US increased by 2.2 and 2.1%, respectively, compared to 2003

3.4 Coal

In 2003, the US used 994 millions of metric tonnes of coal (abst one trillion tonnes). With
the average high heating value of coal equal to 27 MJ/kg, thengount of primary energy in
the coal was 26.8 EJ/year. The average coal producer price sv@19.8/metric tonne, so $19

billions were spent on coal in 2003.
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3.5 Natural Gas

In 2003, the US used 22 375 billion standard cubic feet of natl gas. The standard con-
ditions refer to the pressure of 1 atmosphere and room tempgure. This volume of gas is
equal to 633.6 billions of standard cubic meters. The standdensity of natural gas is 0.84
kg per standard n? and its high heating value is 48.7 MJ/kg. Therefore, in 2003he US

purchased 25.9 EJ/year as primary energy from natural gas @he mean producer price of
$4.88 for 28 standard m of gas (1000 scf), or $109.19 billion in total.

3.6 Nuclear Energy

In 2002, the US generated 780 064 million kWh of electricitydm nuclear power plants with
104 operable reactors. This amount of electricity is equabt2.8 EJ/yr, and the amount of
heat (primary energy) that was used to generate this electity is roughly 3 times higher,

or 7.8 EJlyr.

4 Solar Radiation

Solar irradiance (sed-igure 2 for the de nition) decreases with the square of the distanc®
the Sun. Since the distance of the Earth to the Sun changes gy the year, solar irradiance
outside the Earth's atmosphere also varies between 1325 W/rand 1420 W/m?. The annual
mean solar irradiance is known as the solar constant and is6l3 2 W/m?2,

Over the course of a year, the amount of sunlight entering th&arth is equal to the
amount of radiant energy re ected and emitted back through he top of the atmosphere.
The Sun radiates an average of 340 watts per square meter tetkarth, seeFigure 3 . The
Earth re ects 100 watts (30% or the equivalent of one light bllb) per square meter back into
space. The remaining solar energy (240 watts per square mgtes stored as heat within
the air, oceans, and land surface and, gradually, emitted bla up through the atmosphere
to space as low quality heat. The driving force for the solamergy in ow is the di erence
between the Sun surface temperature equivalent to a black d radiating energy at 5780

K and the Earth surface temperature of about 290K (+15% C). The heat ow from the
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Table 1: Annual use of energy in the US in the year 2003. SousceUS DOE Energy
Information Agency, www.eia.doe.gov; (Patzek, 2004), Téd 11

Source Use | Comments
EJlyear
Petroleum 41.8 | Primary HHV 2
Coal 26.8 | Primary HHV
Natural Gas 25.9 | Primary HHV
Nuclear 7.8 | Primary
Biomass 2.0 | Primary
Hydro 1.0 | Primary
TOTAL 105.3 | Primary energy
Food 1 | Food products to live
Gasoline 18 | All uses
Electricity 14 | All sources
Nuclear 2.8 | Electricity
Biomass 0.4° | Electricity
Wind 0.04 | Electricity
Photovoltaics | 0.002 | Electricity

2 HHV= High Heating Value, see (Patzek, 2004)

b The EIA data seem to be inconsistent. The summary statistics  table lists biomass as the source of 3% (0.4 EJ/yr) of all

electricity produced in the US The detailed statistics list 37 and 22.9 billion kWh from wood and other biomass respectiv ely

(0.22 EJlyr).

¢ The wind electricity was 10 260 150 000 kWh/year in 2002 or 0.0 4 EJ/yr according to www.mnforsustain.org/windpower-
schleede costs of electricity.htm, if the windmills operated with a 25% capac ity factor (accessed March 5, 2005)

d The solar electricity was 0.003 EJ/yr in 2003 according to ww  w.solarbuzz.com/StatsMarketShare.htm (accessed March 5

2005)

s Earth to space is driven by the temperature di erence betweethe outer layers of the Earth
179 atmosphere (255 K) and the Universe (about 3 K). Without the kat trapping-gases (water

180 vapor, carbon dioxide, etc.) the average Earth surface terepature would be about 255 K
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Table 2: Annual use of energy in the US in the year 2004.

Information Agency, www.eia.doe.gov; (Patzek, 2004), Téd 11

SousceUS DOE Energy

Source Use | Comments
EJlyear
Petroleum 43.2 | Primary HHV 2
Coal 26.8 | Primary HHV
Natural Gas 25.9 | Primary HHV
Nuclear 8.4 | Primary
Biomass 3.0 | Primary
Hydro 2.9 | Primary
TOTAL 110.2 | Primary energy
Food 1 | Food products to live
Gasoline 18.3 | All uses
Electricity 14.0 | All sources
Coal 7.1 | Electricity
Nuclear 1.7 | Electricity
Hydro 1.0 | Electricity
Wind | 0.1290| Peak Electricity?
Solar | 0.0645| All sources

a8 HHV= High Heating Value, see (Patzek, 2004)

b Actual power is perhaps 1/4 of the peak power. See Footnote ci n Table 1

(-18°C).

The direct ray energy ux from the Sun is at an angle to the locdy horizontal Earth

surface, depending on how high the Sun is in the sky, i.e., catitude and the season of the

year, seeFigure 6.

The average daily irradiance by month is shown ifigure 7 for Los Angeles, California,
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Figure 2: The total speci c radiant power, or radiant normal ux per unit area that reaches
the Earth is called Spectrum Air Mass (AM)0 (extraterrestral) irradiance. Spectrum AM 1.5
(incident on a Sun-facing, 37tilted surface, chosen as a standard because it is represdive

of average conditions in the 48 contiguous states of the Uad States, ASTM Norm G159-98)
is called the moderate latitude surface irradiance. Irradince is measured in W/m and has
the symbol E. When integrating the irradiance over a certain time periode.g., one year)
it becomes solairradiation . Irradiation is measured in either J/n? or Wh/m 2, and has the

symbol H.

186 and in Figure 8 for Honolulu, Hawaii. Note that on clear day at noon at the eqator the

1e7  instantaneous solar irradiance is above 1000 WA
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Figure 3: The sunlight shines onto 1/2 of the Earth area (the ¢llow hemisphere (2 2), and
delivers energy onto this hemisphere's projection orthogal to the sun beam (the light gray
circle with the area r 2, or 1/2 of the hemisphere area). Here, is the average radius of
the Earth. In addition, the Earth rotates and each hemisphex is lit by the Sun only 1/2 of
the time. Therefore, on the average, the solar irradiationAM 0) is equal or 13674 340
W/m 2 anywhere at the edge of the Earth's atmosphere.

= D lemperature Relationship Between the Earth and

the Sun

190 It is a rough derivation that gives an order of magnitude anser. See p. 380-382 in (Cole

11 and Woolfson, 2002), for further discussion.

w2 5.1 Assumptions

13 We assume that the surface temperature of the Earth depends:o

194 Incident radiation from the Sun
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Figure 4. A complex sunglint eld was seen by SeaWiFS as it psed over Western Aus-
tralia. How the ocean water re ects the solar energy dependsn the size and direc-
tion of surface waves, water transparency, wind directionetc. Source: NASA, http://-
visibleEarth.nasa.gov/images/1319/S1997307035142¢gn

The Earth albedo (the fraction of light it re ects)
The greenhouse e ect in the Earth's atmosphere.

Heat generated internally by the Earth. For the inner planes, incident radiation has

the most signi cant impact on surface temperature.

To derive the relationship between the surface temperatuseof the Earth and the Sun

we further assume the following:

1. The Sun and the Earth both radiate as spherical black bodian thermal equilibrium

with themselves.

2. The Earth absorbs all the solar energy it intercepts fromhe Sun.
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Figure 5: The solar irradiance and Earth radiance on the sanszale.

Figure 6: The direct ux of solar energy impinging on a horizotal surface depends on the

angle between the Sun and this surface.
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Figure 7: Average monthly solar irradiance in Los Angelesatitude N33.93. Source: http://-
rredc.nrel.gov/solar/old data/nsrdb/redbook/sum2/state.html, 30-year average ofmonthly
solar radiation, 1961-1990.
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Figure 8: Average monthly solar irradiance in Honolulu, Haaii, latitude N21.33. Source:
http://rredc.nrel.gov/solar/old  data/nsrdb/redbook/sum?2/state.html, 30-year average of
monthly solar radiation, 1961-1990.
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5.2 Derivation

To begin, we use the Stefan-Boltzmann law to nd the total powr the Sun is radiating:
PSun = ( T éun) (4 R éun) (2)

where is the Stefan-Boltzmann constant,Ts,, is the surface temperature of the Sun, and
Rsun is the average radius of the Sun.
The Sun radiates its power uniformly in all directions. Beaase of this, the Earth receives

only a tiny fraction of the Sun's radiation. Here is the powefrom the Sun the Earth absorbs:

R 2
PEearth absorbed = Psun 4(Ejar2th (3)

where Rean 1S the average radius of the Earth andl is the average distance between the
Sun and the Earth.
Even though the Earth only absorbs as a projected circular ea R 2_,,, it radiates

uniformly in all directions as a sphere:

— 4 2
I:)Earth emitted — T Earth 4R Earth (4)

where Teann IS the surface temperature of the Earth.
Now, by the rst assumption, the Earth is in thermal equilibrium (steady state), so the

power absorbed must equal to the power emitted:

Pearth absorbed = PEarth emitted (5)

After plugging Egs. (2) { (4) into Eqg. (5) and simpli cation w e get:

r

R
Tearth = Tsun ZS(ij (6)

The temperature of the Earth only depends on the surface terepature of the Sun, the

radius of the Sun, and the distance between the Earth and theu8.

1And re ects, but we will neglect the Earth's albedo and inter nal heat generation for the time being.
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5.3 Temperature of the Sun

If we plug in the measured values for the Earth and the Sun,

Teatn = 287 K (14° C)
Rsun =6:96 1P m
d=1:5 10" m

we calculate the surface temperature of the Sun to be

This rough estimate is within 3% of the standard measure of B0 K. A pretty good result

if we recall that we have neglected the Earth's albedo and ietnal heat generation.

6 Photosynthetic E ciency of Corn

The question | pose is: What fraction of the incoming solar @ngy can a living plant convert
into chemical energy of its stem, leaves, and roots?

A rather thorough answer to this question has been formulatein Photosynthesis, Plant
Productivity, and Crop Yield, by Norman E. Good and Duncan H. Bell , Chapter | of
The Biology of Crop Productivity edited by Carlson (1980), and in the references therein.

The CO, intake for a corn eld, measured byLemon (1965) and by Musgrave and
Moss (1961), seeFigure 9 , has been translated into the sequestered starch energy as

follows:

kg CO, 12kgC  30kg CHO
m?s 44kg CO, 12kg C

o (8)
1574 1 W

Starch (CH;O), ux =CO , uxin

where the net chemical exergy of glucose in photosynthesi®.74 MJ/Kkg, is from Table 21
in Patzek (2004). (Note that about 0.7 MJ/kg of glucose is used up to caentrate carbon

dioxide in the leaves.)
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Figure 9: The net uptake of carbon dioxide by a corn eld at vapus light intensities.
The highest solar irradiance, 600 1100 Wm 2, corresponds to noon conditions on the
sunny August 15, 1961. The low-irradiance regime slope séop = 0:044, 95% con dence
B.min = 0:043Db.max = 0:047. The high irradiance slope i§, = 0:013, and the intercept is
ap = 18:02. The slope units ar&kg CGQ, 10 7 J 1. The intercept units arekgCQ 10 'm ?

s 1. Adapted from the dynamic CQ, ux data in Lemon (1965), Figure 8. The diamonds
represent the data from a controlled chamber experiment bylusgrave and Moss (1961)
on July 26, 1961.

6.1 Problem Statement

We want to calculate the average corn plant e ciency for an agrage 12-hour day. At sunrise
and sunset the solar irradiance is zero, and it is dt,. = 1100 Wm 2 at noon, seeFigure
12. Solar irradiance varies as sink=T ), where x = 0 corresponds to sunrise anck = T
corresponds to sunset, say = 12 hrs To nd the area of the tails, we should integrate

from O to arcsin(6061100) = arcsin(055) and multiply the result by two. The central area
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Figure 10: Carbohydrate (starch) buildup in a corn eld at vaious light intensities. The
highest solar irradiance, 600 1100Wm 2, corresponded to cloudless noon conditions on
August 16, 1961. The low-irradiance regime sloge = 0:047, 95% con denceé).,n = 0:044,
b.max = 0:050. The high-irradiance slope id, = 0:014, and the intercept isa, = 19:33
Wm 2. The slopes are dimensionless. The measured £Oxes in Figure 9 were converted
to the starch energy ux using Eq. (8). This conversion showshat corn sequesters as
biomass energy about 5% of the solar irradiance in the morgjrand evening, and about
1.4% closer to noon. The data bjMusgrave and Moss (1961) have di erent slopes. Their
low-irradiance slope ishh = 0:032, 95% con denceby.min = 0:030, b.max = 0:034. The
high-irradiance slopely, = 0:017, and the intercept isa, = 9:42.

20 IS the di erence between the integral from O tol and the area of the tails. Therefore, on

2 @ perfectly sunny summer day, with ample soil water, and am@lsoil nutrients, the ideal
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Figure 11: A corn eld on a sunny day. Notice light transmisgin through the leaves, and

multiple re ections.

e ciency of a maturing corn plant is
VA

ImaxT

Total irradiation in one day = max

sin(x) dx =
0

h Z arcsin(0:55)
E t I 1 ,
nergy stored as glucose _ 1 2h sin(x) dx+ @)

- Total irradiation in one day ~ 2 0
arcsin(0:55) an [
b, sin(x) dx + i ( 2 arcsin(Q55))

arcsin(0:55) max

From Figure 10 it follows that in the morning and the evening (up to, or down fom 600
Wm ?2), a corn eld has energy e ciency of 0.05, and over the rest athe day this e ciency
decreases to 0.02.

Now we assume afteffranseau (1926) that transpiration is 1=8 = 0:125 of photosyn-
thesis, and it is active 24 hours/day. Therefore, the overbhet synthesis is 1125 0:125 2 =
0:875 of the net synthesis shown ifrigure 10 . We also assume aftevVhite et al. (2003)
that corn grain is 0.42 of the dry mass of mature corn plant. FRally we assume that the

average duration of corn growth season in lowa is 100 days atheé average irradiance is 254
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Solar irradiance W/m 2

Daytime, hours

Figure 12: Consistently with Figures 9 and 10, we average theorn plant e ciency by
calculating the area-weighted average of solar irradianéem the 0 to 600 W/m? (left and
right tail), and the central irradiance from 600 to 1100, andback to 600 W/m?. The solar
irradiance follows the sine curve. We assign the solar engrgequestration e ciency of 0.05
(plus the scaled intercept) to both tails, and of 0.02 to thetsong irradiance over the rest of

the day.

Wm 2, seeFigure 13 .
With the average net glucose synthesis e ciencies listed ithe caption of Figure 10, and

the averaging procedure described in Eqg. (9) and Figure 12ewbtain the following results:
The irradiance-weighted corn plant e ciency is 0.037 (dynanic) and 0.028 (chamber).

The net weighted corn plant e ciency at 12.5% respiration Igses is 0.032 (dynamic),
0.025 (chamber).

The GJ/ha-yr sequestered as corn grain are 295 (dynamic) and 228 (chambegspec-

tively.
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The correspondingkg/ha-yr of corn grain with 15% moisture are 18400 (dynamic) and

14200 (chamber), respectively.

The correspondingbushels/acre-yof corn grain with 15% moisture are 293 (dynamic)

and 227 (chamber), respectively.

Since the eddy-covariance (dynamic) experiment resultseim very good agreement with
the more up-to-date experiments, e.g., (Dobermann et al.025), we conclude that the
maximum achievable corn yield in lowa is 300bushels/acre-yor 19000kg/ha-yr. At

this yield, there will not be enough water in lowa, or elsewhe, to support corn plants

without massive irrigation.

Also, the achievement of the very high corn yields will depéncrucially on the nitrogen
fertilizer inputs, perhaps as much as 1088 Ib N/acre, or (122kg N/ha-yr) (Dobermann
et al., 2005). This amount is 5-10 times higher than currentgplications. Nitrogen fertilizer
is produced from methane we do not have, and is the largest $dsenergy input to industrial
agriculture.

Because light absorption characteristics of a single coredf and an entire corn eld
are almost identical (Yocum et al., 1960), seEigure 14 , the additional amount of energy
sequestered by increasing plant density should be relatiyesmall, because each plant in a

denser packing will obstruct its neighbors from accessingrdight.

6.2 Record Corn Crop in 2004

In 2004, the all-time high crop yield in lowa was 181 bushelsep acre, 60% of the photo-
synthetic limit at the 30-year average insolation. It is unkely that this limit will ever be

achieved, sed-igure 15 .
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Figure 13: The 30-year average of solar irradiance for Des iMes, lowa, for at-plate hori-
zontal collectors. The average solar irradiance for mid Mayeginning of September is 254
W/m 2. Des Moines is located at 41.83atitude north, and at the mean elevation of 294 m
ASL. The length of the corn growth season is about 150 days. (Boe: rredc.nrel.gov/solar/-
old data/nsrdb/redbook/sum2/14933.txt.
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Figure 14: Top: Transmission, re ection and absorption spectra of a corn & from 400 to

800 nanometers, as determined in an Ulbright sphere (Yocurh &., 1964). Bottom: The

same spectra from 400 to 950 nm for a corn eld on a clear day (dam et al., 1964). Note

that all leaves of corn plants in the eld havebetter irradiance absorption characteristics than

a single corn leaf. Because of the multiple re ections anddtctal character of leaf positions

and orientations, the corn eld and one leaf are almost seffimilar.
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Figure 15: Historical corn crops in lowa, their logistic t, and the straight line t usually

presented by economists, who imply that corn yield can gromdle nitely in the future. The

y-axis units, GJ/ha-yr, translate almost exactly to the more familiarbushels/acre-yrWe can

see that in the heroic agriculture with irrigation at the University of Nebraska Lincoln site

(Dobermann et al., 2005), one is already getting close to thieeoretical corn plant e ciency.

This e ciency cannot be achieved on average on 30 million h&res of corn elds. It can

only go down, when corn agriculture is expanded to marginatapland.
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Part 11
Opinions

1 Climate change on the Earth is real

As shown in Section 5, the Earth is an incredibly ne-tuned, teady-state thermodynamic
machine powered by sunlight at the temperature of 5780 K andhdiating into space the
infrared light at 255 K, seeFigure 5 . Because the Earth is a thermodynamic system open
to radiation, life could develop on her. In contrast, all matker? is trapped on the Earth
and is either recycled or accumulates as chemical waste (Pek, 2004). The ne balance of
the Earth energy ows and her inability to dispose of chemida are the main causes for the
incredibly low net productivities of ecosystems. In other ards, the net mass production of a
prairie or a tropical forest is almostexactly zero. This fact negates all schemes of extracting
biomass from natural systems for free (Odum, 1998; PatzekQ®4; Patzek and Pimentel,
2006; Patzek, 2006e).

Even very small perturbations of the delicate balance of ery uxes® on the Earth
cause signi cant shifts of her surface temperature. The huam emissions of greenhouse
gases amount to reversing in about 400 years the natural pesses of geological carbon
sequestration that have occurred over the last 2 billion yes. These emissions disturb the

energy balance of the Earth and add to the global warming.

The gradual warming of the Earth's mean surface temperaturss a directly measured
fact (Brohan et al., 2006), sedrigure 16 . The Inter-governmental Panel on Climate
Change (IPCC) in its most recent report stated: \Most of the dserved warming over the

last 50 years is likely to have been due to the increase in gnéeuse gas concentrations.”

Over land regions of the world over 3000 monthly station termgrature time series have

been used to generate Figure 16. Coverage is denser over therenpopulated parts of

2With the exception of hydrogen.
3Mostly the Earth's albedo, and energy absorption and dissi@tion in the atmosphere.
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the world, particularly, the United States, southern Canad, Europe and Japan. Coverage
is sparsest over the interior of the South American and Afram continents and over the
Antarctic. The number of available stations was small durig the 1850s, but increases to
over 3000 stations during the 1951-90 period. For marine iiegs sea surface temperature
(SST) measurements taken on board merchant and some navaksels are used. As the
mayjority come from the voluntary observing eet, coverages reduced away from the main
shipping lanes and is minimal over the Southern Oceans.

The 1990s were the warmest decade in the series. The warmesaryof the entire series
has been 1998, with a temperature of 0.548 above the 1961-90 mean. Ten of the eleven
warmest years in the series have now occurred in the past eavyears (1995-2005). The
only year in the last eleven not among the warmest eleven is3®(replaced in the warm list
by 1990).

Analyses of over 400 proxy climate series (from trees, ca@alice cores and historical
records) show that the 1990s is the warmest decade of the milhium and the 20th century
the warmest century. The warmest year of the millennium waskely 1998, and the coldest
was probably (but with much greater uncertainty) 1601.

It is commonly believed that the greenhouse gas emissionsrir biofuels are lower that
those from fossil fuels. Unfortunately, the opposite is thease for many complex reasons.
Here | will explain brie y the equivalent CO, emissions from the corn ethanol cycle in the

US and in the coupled sugarcane-soybean cycles in Brazil.

1.1 Equivalent CO , Emissions from the Corn-Ethanol Cycle

My methodology for obtaining equivalent CO, emissions from the industrial corn ethanol
cycle is described in Section 5.1 of (Patzek, 2004). Thereeahree di erences between that

analysis and the current one:

1. Ammonium nitrate fertilizer is replaced with anhydrous anmonia and the respective

emissions are decreased by 1/2.

4Emissions of other gases, mostly nitrous oxide BO, ammonia NHz, and methane CH,, are converted
to equivalent CO, emissions using their relative potencies in creating the grenhouse e ect (Anonymous,
2002b).
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Figure 16: The time series shows the combined global land anthrine surface temperature
record from 1850 to 2005. The year 2005 was equal second watnoan record, exceeded
by 1998. This time series is being compiled jointly by the Ghatic Research Unit and the
UK Met. O ce Hadley Centre (www.cru.uea.ac.uk/cru/info/w arming/). The record is being
continually updated and improved (see the paper by Brohan eil., 2006). This paper includes
a new and more thorough assessment of errors, recognizingttthese di er on annual and
decadal timescales. Increased concentrations of greensmigases in the atmosphere due to

human activities are most likely the underlying cause of waring in the 20th century.
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Figure 17: Equivalent CQ emissions from each major non-renewable resource consurgd

the industrial corn-EtOH cycle.

a2 2. Emissions from humus oxidation in soil eroded by wind aradluded with the following

a3 assumptions: (a) topsoil contains 4% of humus (Stevensorf8PR), (b) humus contains
324 50% of C by weight (Stevenson, 1982), wind-eroded soil is mhed in humus by a factor
a5 (1:3+5)=2 3 on average (Allison, 1973), (c) wind erodes only 1 mm of togkper
a2 year, or 10 tonnes/ha-yr (Pimentel, 2006), and (d) the airbme humus is completely
327 oxidized.

a8 3. To make the comparisons meaningful, methane, gasolinendadiesel fuel are now
329 charged with incremental 17% (2% more than before) emisswrior their recovery,

330 transportation, and processing.

31 With these assumptions, the speci ¢ emissions of equivatle@0O, in grams per MJ in

2 ethanol are shown inFigure 17 . Note that the minimal CO, emissions from soil erosion

@

sz are the second biggest source after ethanol re neries. Tleesoil emissions are likely to be

&)

. several times higher on at terrain with dry topsoil, such asthat in South Dakota during

3

@

3

w

s drought.
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The speci c emissions from the corn ethanol cycle are comgeak in Figure 18 with the
corresponding emissions from other fossil fuels, methammsoline, and diesel fuel. It seems
that the cumulative corn-ethanol emissions are 50% highehan those from ancient fossil
fuels.

If one charges corn ethanol with equivalent C®emissions from methane burped by the
cows fed with DDGS, one adds at the minimum

0:33 kg DDGS 1 kg dry corn 44 kg CO, 0:12 16 kg CH,
kg dry corn  0:364 kg EtOH  30kg DDGS 44 kg CO, burped

6kg equiv. CG, 1 kg EtOH 1000 11 g equiv. CG, (10)
o1 -
kg equiv. CH, 297 MJ MJ in EtOH

or another 38% of equivalent C@ emissions over and above the gasoline emissions. The
factor of 56 in the equation above comes from the relative paricy of methane over the
20-year time horizon (Anonymous, 2002b), and it was assumétat 12% of the gas burped
by a cow is methane (Kaharabata et al., 2000).

If ethanol re neries switch from natural gas to coal, their G1G emissions will increase
by at least 70 { 80%, see Table 19 in (Patzek, 2004), not coung the high energy costs of

coal transport to the dispersed biore neries.

1.2 CO, Emissions From Amazon Deforestation

As sugarcane plantations take over the Cerrado, all other @ps are pushed elsewhere, but
mostly into the Amazon. Therefore, sugarcane ethanol prodtion is directly coupled with
the gigantic CO, emissions from the brutal and illegal deforestation of the ¥iazon region.
According to Greenpeace (Greenpeace, 2006), since Janua®p3, nearly 70,000 kiof
the Amazon rainforest has been destroyed. Between August@and August 2004, 27,200
km? - an area the size of Belgium - was lost. In 2004-05 around 1.limn hectares of soybean
(5% of the national total) was planted in the Brazilian Amaza rainforest, seeFigure 19 .
Three US-based agricultural commodities giants Archer Dals Midland (ADM), Bunge
and Cargill are responsible for about 60% of the total nancig of soybean production in
Brazil. With an estimated 13 silos and an illegal port facity already built into the Amazon

rainforest, Cargill is leading soybean's invasion of the geon spurring the incursion of illegal
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Figure 18: Equivalent CQ emissions from corn agriculture, corn ethanol productiorand
other fossil fuels. The corn-ethanol cycle emissiom®ubleif methane burped by cows fed

with the DDGS coproduct is accounted for.

farms and building infrastructure to deliver Amazon soybaato global marketS. Bunge and
ADM are following Cargill's lead, with an estimated six and dur silos respectively in the

Amazon.

Deforestation has been responsible for up to 75% of Braziémissions, with 59% coming
from Amazon deforestation, se€igure 20 . By 2050, current trends in agricultural expan-
sion will eliminate a total of 40% of Amazon forests, includig at least two thirds of the
forest cover of six major watersheds and 12 ecoregions, asiag carbon into the atmosphere

equivalent to four years of current annual emissions worldae.

5The Greenpeace Report was independently corroborated by MrDaniel Howden , a reporter for The
Independent, who published \Environment Eating the Amazon: The ght to ¢ urb corporate destruction,”
July 21, 2006.
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Figure 19: February 20, 2006. Flight from Manaus to SantaremAmazon, Brazil. A huge
area of 1645 hectares (Gleba do Pacoval area 100 km SE of Seetg illegally logged to
clear land for soya plantations. The President of the Agridtural Producers Association
in Santarem, - Jog Donizetti - is held directly responsild by the Brazilian Environmental
Agency IBAMA for this illegal deforestation. c¢ Greenpeace/Daniel Beltra. Reproduced

with the permission of Greenpeace.
2 The Earth is Finite

The Earth and her crust are made of stellar matter, and the cuent abundance of each
chemical element and its compounds (minerals, ores, etcgsults from chemical composition
of that primordial matter and geologic evolution of the Earh. The Sun powers the Earth;

life has evolved her atmosphere, stabilized the climate, dmade all fossil fuels, coal, crude
oil, natural gas, gas hydrates, oil shale, etc. The depositi and transformation rates of
these fossil fuels argery slow (Patzek and Pimentel, 2006). It is the unimaginable leyth of

deposition time, measured in hundreds ahillions of years, that accumulated large quantities

of these fuels, seEigure 21 . In a fewhundredsof years, a geological blink of an eye, humans
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Figure 20: The cumulative CQ emissions from Amazon deforestation rival those of the US.
The range of values depends on the thickness of peat. This dkimess is usually larger in
Asian tropical forests. Sources: Brazilian National Instite for Space Research (INPE),
ORNL, J. Germer and J. Souerborn.

will practically exhaust the fossil fuels.

All resources that feed our civilization: the highly concenttad or pure (\low-entropy")
compounds (Georgescu-Roegen, 1971) { clean water, clean piure minerals, nished met-
als, high-quality fossil fuels, wood, uncontaminated foof, as well as the self-sustaining
ecosystems that let us live by cleaning our waste, come frorhet Earth's crust and the
biosphere (Odum, 1998).

The limited high quality resources from the environment aré¢he ultimate inputs to our
civilization and economics (Daly, 1977). The low entropy ebedded in these resources$

can only be usednce (Georgescu-Roegen, 1971; Patzek, 2004).

Many American economists and politicians disregard this idamental physical limitation

of economy, and talk about the unfettered economic growth nuestricted future payments for
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Figure 21: The average rates of accumulation of fossil fuels the Earth over geological
time. The average rates of heavy oil deposition are froemaison (1977). The average
rates of oil and gas deposition are fromBois et al. (1982). The coal deposition rates are
from Bestougeff (1980). Note the almost imperceptible global annual depdaiin rates of
fossil fuels, and the unimaginably long duration of their deosition processes. These rates
were scaled up by factors 3-8 to re ect the best current estiates of fossil fuel endowments:
Heavy Oil=12 10" m3 0Oil=8 10" m3 Gas=35 10%sn?, Coal=2 10 tonnes.

the Social Security, medical care, and military spending. His thinking was best captured by
a Nobel Laureate economisRobert Solow : \... the world can, in e ect, get along without
natural resources ... at some nite cost, production can beded of dependence on exhaustible

resources altogether..." (his 1974 lecture to the AmericaBconomic Association).

The low environmental entropy exists in two forms: an accunation or stock { as in a

coal deposit { and ow { as in in ow of solar energy to the biosphere, and out ow of hat
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from the Earth to the Universe (Patzek, 2004) {, se&igure 22 . The Earth's stock is of two
kinds: resources accumulated only on geological time scéddl the nonrenewablefossil fuels
listed above), and resources accumulated on human time séihe renewablebiomass). The
Earth's nonrenewables are limited in the total amount avadble, just how a water bottle
can only hold a certain amount of water. The Earth's renewabbk are also limited in the
total amount available and can be exhaustéd If exploited at a rate that can be sustained
by nature, the renewable resources afeinds whose rates of return, crops, are very much
limited by the rate of conversion of solar energy to biomasginally, the Sun is a practically

unlimited source of energy, but the rate of ow of solar enesgis low.

RESOURCES

NATURAL FLOWS
Sunlight, winds, rivers,
oods, ocean currents

FUNDS (living stocks)
DEPOSITS (dead stocks FoEets, SEE, et
Petroleum, minerals, etc. The lyield” of a fund is
A deposit can only give a a ow, e.g., forest crops
ow while it diminishes and agricultural crops

Figure 22: A physical resource classi cation.

All physical inputs into human economy are limited in size aglor rate.

Humans need air, water, food, and energy to survive. Cleanras an increasingly rare

natural resource in industrialized nations. Much of drinking water must now be manu-

6An old-growth forest can only be clear cut once in tens of huma generations and isde facto a geological

deposit of organic carbon.
“In recent decades, increased aerosol loadings (soot and ethparticles from burning coal, oil, wood, etc.)

were at least partially responsible for the observed decreses in global radiation and direct radiation, the
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factured in the energy-intensive chemical puri cation famries®. Uncontaminated food is
increasingly more di cult to catch, even in seemingly pristne ecosystenis Industrial agri-
culture and forestry for food and fuels are funded from massi fossil fuel subsidies and, in
good part, groundwater mining. As such, they are unsustaibée (Patzek, 2004; Patzek and
Pimentel, 2006).

As new energy resources are tapp€dand substitute for the old one&!, they remain

subject to the same laws of physics, and are limited in totalolume and rate of production.

If we bring more technology to produce these resources, theiepletion will occur
faster, and the environmental destruction their productia and use bring about will be

more severe.

So the question most relevant to energy supply for the livings as follows: Not can
we produce more energy (we can), but what will be the conseaques of doing so for the
Earth's life-support systems on which we depend for breatinj, drinking, eating, and enjoy-
ment of life? It appears that the US and Chin#, the largest consumers of energy and the

environment on the Earth, will have to answer this question rst.

clearness index, and the monthly percentage of possible sshine duration over much of China (Che et al.,

2005).
8As of now, MTBE has been detected in 1861 water systems in 29 ates, serving more than 45 million

Americans. Per customer of United Water in Woodbury, Conn., it costs $500 in the rst year and $125/yr
thereafter to produce drinking water free of MTBE. A. Barrionuevo , A Dirty Little Footnote to the

Energy Bill, NYT, 4/15/2005, pp. C1-CA4.
9Health o cials urged that children and women of child-beari ng years avoid eating a half-dozen species

of sh caught in the Adirondack and Catskill Mountain region s. The sh are feared to be contaminated with
mercury. L. W. Fodebaro , Caution Urged in Eating Fish from Mountains of New York, NYT, 4/16/2005,

p. All.
10The new fossil fuel resources are tar sands, ultra heavy oitil shale, tight-rock gas, and coal-bed methane.

The new biomass resources are wood, sugarcane stems and bsggg corn grain and stover, soybeans, palm

oil, rape seed oil, various plant and animal plants abbreviged as \waste," etc.
1 The classical fossil fuels are coal, conventional crude giiind conventional natural gas.
12China's wholesale destruction of its rich and diverse envionment has more than o set its economic

growth (Diamond, 2004), Chapter 12.
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3 One cannot remove biomass from natural ecosystems

As a consequence of
Being a closed system to mass exchange, and

Supporting life for billions of years and, therefore, veryarge biomass production and

consumption,

the Earth had to evolve in such a way that every living part of it would recyte almostall
mass.

In other words, every ecosystems on the Earth recycles its sgawith unbelievable pre-
cision, seeFigure 23 . The net mass out ow from a coral reef, tropical forest, or a atural
prairie is negligible compared with the net primary produdtity of its autotrophs (photosyn-
thesizing plants) (Odum, 1998; Patzek, 2004; Patzek and Pentel, 2006), see als&igure
24,

The biomass produced by plants is consumed and recycled byroé&rophs (animals, fungi,
bacteria, earthworms, insects, etc.). The biomass produch and consumption are so closely
balanced that the net carbon burial on the entire Earth is asmall as 60 million tonnes
per year, equal roughly to the world's soybean crop, see (Ber, 2003), Figure 2. It is the
unimaginable length of deposition time that allowed for thecurrent accumulations of fossil

fuels, sedrigure 21 .

A common misconception that there are huge quantities of natal biological \trash"
out there has no basis in science. A more detailed discussiointhis highly politicized

fallacy is in (Patzek and Pimentel, 2006).

3.1 Net Primary Productivity of the US

The net primary productivity of an ecosystem is de ned as thennual production of plant
biomass, roots and above-ground biomass minus plant resion. It is usually expressed

in kg of dry biomass/ha-year, or in GJ/ha-year, after conveing this mass to its caloric
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Sun energy

H,O, CO,

Nutrients
Plant " Death &
Matter \Forever Decay

Waste heat Waste heat
Other [
life

Figure 23: An ecosystem transforms the Sun energy (low theamentropy) into waste heat
(high thermal entropy). The waste heat is continuously expbed to the universe. Everything

else is completely reused, or recycled.

value. There are many di culties and mistakes in calculatirg this net primary productivity,
but it can be done for crops (Prince et al., 2001) and forestdickler et al., 2002). In a
balanced ecosystem the net primary productivity is used upybthe associated hetrotrophs,
who eat, decompose, and recycle plant biomass, and are alsoycled when they die. If this
cycle is broken and biomass is removed from the parent ecdsys, the removed macro and
micro nutrients must be restored, and the soil texture must & prevented from deterioration
(Patzek, 2004; Patzek and Pimentel, 2006; Patzek, 2006e).

My calculations of net primary productivity in the US are bagd on, among others, the
USDA NASS database for crop, pastureland and rangeland yilst the US Forest Service for
forest and timberland yields; and the biomass calori ¢ vale estimates in (Patzek, 2006e) and
the references therein. The results of these calculationgan a stark contrast to the following
claim \...An annual biomass supply of more than 1.3 billion d/ tons can be accomplished
with relatively modest changes in land use and agriculturaand forestry practices," see

(Perlack et al., 2005). Others, e.g., MrVinod Khosla , a Silicon Valley venture capitalist,
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Figure 24: The moon rises over the Clark Mountain Range on Sepl5, 1948, seen from
Glacier Point in Yosemite National Park, Calif. Astronomes have pinned down the ex-
act time and date when photographer Ansel Adams snapped hithereal picture \Autumn
Moon," and determined that the Sun, moon and mountains wereotalign in the same po-
sitions on Sept. 15 at 7:03 p.m. as they did 57 years ago whenahas photographed the
scene. Photographed on September 15, 2005, the scene istid&n proving that the forest
cover has not changed at all over the last 57 years. In other wds, the net productivity of

this ecosystem has been zero.

1 (Khosla, 2006), or Dr. Chris Somerville , Director of the Department of Plant Biology,

4

a

> Carnegie Institution, and a Professor at Stanford Univergy, claim (Somerville, 2006) that

4

a

sz 130 billion gallons of ethanol can be made from this biomass.

a1

s 3.1.1 DOE assumptions for biomass removal

s In order to remove 1.3 billion tons of dry biomass from the UShd each year, presumably

4

o

s for decades, the DOE/USDA report authors (Perlack et al., 206) have made the following

4

a
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7 assumptions:

4

o

458 1. Yields of corn, wheat, and other small grains were incress by 50 percent;
459 2. The residue-to-grain ratio for soybeans was increased2dL,;

460 3. Harvest technology was capable of recovering 75 perceffianual crop residues (when

461 removal is sustainable);
462 4. All cropland was managed with no-till methods;

463 5. 55 million acres of cropland, idle cropland, and croplanphsture were dedicated to the

464 production of perennial bioenergy crops;

465 6. All manure in excess of that which can applied on-farm forog improvement under

466 anticipated EPA restrictions was used for biofuel; and

467 7. All other available residues were utilized.

we 3.1.2 Analysis of DOE assumptions for biomass removal

w0 Let me parse the rather unusual assumptions bigerlack et al. (Perlack et al., 2005):

[

470 1. 130 billion gallons of ethanol is 11.4 EJ per year.
an 2. 1.3 billion tons of dry mass is 22 EJ per year, year-afteegr, for decades.

ar2 3. The overall biomass conversion e ciency, 14=22 = 0:52 is over 2 times higher than

a73 the average energy e ciency of the corn-ethanol cycle (Patk, 2006e).

474 4. US grain production is completely dominated by corn. Cuent corn production comes
a75 from the best agricultural land in the US, and this e ciency can only godown with

476 an expansion, not up.

ar7 5. To increase current corn production by 50% would requirdné corn plant to operate at

a78 90% of their theoretical photosynthetic e ciency everywhee, at all times (see below).
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479 6. No industrial cellulosic ethanol technology exists (Patk, 2006e) despite spending on

480 its development close to $ 1 billion worldwide.

281 7. Biomass gasi cation is at a very early pilot stage.

a2 8. There will be unsurmountable problems with excessive eion of the barren soil; con-

483 version of conservation and marginal land to unsustainablerop elds; insu cient
a8 water supply to drive the greedy, genetically engineered aits to higher yields; huge
a8 increases in fertilizer consumption; etc.

486 According to USDA (1997 Census of Agriculture) and US ForeService, the total agri-

4

3]

; cultural and forested land area in the US is distributed as ifrigure 25 .

I Harvested
[ I Pastured
[ idle

I Failed

CropLand

Pastureland

Woodland

Forest&Timber

50 100 150 200 250 300
Millions of hectares

o

Figure 25: The bars show the vegetation-covered area equal 72% of the total land area
in the 49 contiguous states + Alaska + Hawaii. The total agrialtural land and pas-
ture/rangeland area is 830 million acres. The area of forestand timberland is another

737 million acres. Sources: USDA, US Forest Service.
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The net primary productivity of all vegetation in the US is stown in Figure 26 . Note
that to produce 130 billion gallons of ethanol with the techalogies that do not exist now,
and may never exist (Patzek, 2006e), one would have to cut tlemtire above-ground plant
biomas$® and grasses over the entire US cropland and pasture/rangeth If one were to use
the current best ethanol technology e ciency, one would haw to also consume the annual
growth of most of the US forests and timberland.

Since US agriculture is completely dominated by corn, the $®increase of plant produc-
tivity { ordered by Perlack et al. { would mean, for example increasing the average yield
of corn in lowa from the record 181 bushels/acre to 270 busk&cre. As discussed in Section
6, this would require all corn in the US to achieve over 90% olfi¢ theoretical photosynthetic
e ciency everywhere year-after-year. One does not need to be an agricultural expert to
understand how impossible this requirement is. In fact, onmay ask, how did this report go
unchallenged by the internal DOE and USDA reviewers, and howould the Science Journal
publish similar material with a straight face?

Thus, one reaches the following conclusion:

The scienti cally baseless predictions of biofuel produiin by Perlack et al. (2005)
cannot be delivered by US vegetation for more than one yeamathe US taxpayers will

be forced to pay for all this government/agribusiness-spsonred nonsense.

4 Conservation and energy e ciency should always be

considered rst

Re ect. As a society, we are at the mercy of the Earth and her life-suppting systems.
Our technological support systems are fragile, ine cientoften obsolete, and they use

voraciously the fossil energy resources we do not have. Wedédo slow down and take

3Based on my recent calculations, in 2004, the US cropland pruced the all-time record of 9 EJ/yr
of grain, 6.4 EJ/yr of above-ground plant biomass and 3 EJ/yr of roots. The high heating value of the
total above-ground level biomass in US crops was 8.4 EJ for ¢n, 3 EJ for soybeans, 2 EJ for wheat. The

remaining 2 EJ were split among hay, sorghum, rice, barley, te.



508

509

510

511

512

513

Page: 48 Docket No. 05-0145 LOL T-4

Primary Energy  Use
105 EJlyr
Net Primary  Productivity
88 EJ/yr

Crude Oill Crops, AG Biomass

DOE Report

Pastureland

Current corn ethanol

Other

Sparse Vegetation

Natural Gas
Food system
Roots
_ Nuclear
Biomass
Hydro

Figure 26: The net primary productivity of all vegetation in the US is lower than our
total primary energy consumption. To produce 130 billion géons of ethanol, one would
need to erase all plants over the entire US cropland and pastdrangeland, if one uses
the unrealistically high production e ciency of 0.52. At the current maximum e ciency
of ethanol production, one would also have to cut most of USrest/timberland to achieve
this ethanol volume. Note that most of the cropland and timbdand net productivity is
subsidized with fossil fuels. Also note that the US food \sysm" consumes 20% of primary

energy in the US. Sources: USDA, US Forest Service, Patzekaculations, August 2006.

stock of where we are visa-vis the current and emerging engy supply systems. This

initial analysis will be our reference and a starting pointdr further deliberations.

We need to learn how to mimic natural systems in their abilityto produce and conserve
energy and recycle all wastes. In nature everything is coruted; all parts of every
system exert reciprocal controls onto one another (Lovelocl988). Nature is dynamic,

but likes to operate in steady cycles.
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siu - Start Conserving Now.  In view of the truly astronomical energy ows from the envirm-
515 ment into our society, we need to make the simple adjustmentst. Make all producers
516 of durable goods responsible for recycling their product®ut a steep tax on all gas-
517 guzzlers; require all car producers to o er cars with substaially better mileage; do
518 not rely on hybrids only, the e cient diesel engine cars havenade Europe much leaner
519 than US; introduce incentives for all sorts of energy-e ciat devices; increase energy
520 e ciency standards for all new buildings; propose incentigs for upgrading existing
521 homes; steeply tax large low-occupancy houses; gradualgnrove all crop subsidies,
522 while providing loan bu ers to the farmers; encourage farme to grow multi-specie
523 balanced crops with much less fossil energy and sell theirggiucts locally; use some
524 of the highway subsidies to develop functioning mass tramsystems; encourage local
525 production and local sales with less transportation and engy, encourage compact
526 urban development; build more large apartment blocks; etc.

5!

N

7 Look at Nature. A living biosystem is open to uxes of matter and energy, andsi able

528 to keep its organisms at constant composition and their phical states intact in a
529 changing environment (Ulanowicz and Hannon, 1987; Schneidand Kay, 1994; Kon-
530 depudi and Prigogine, 1998; Tilman et al., 2001; Ho and Ulawicz, 2005; Reich et al.,
531 2006). Asustainablebiosystem takes in high-grade free energy as sunlight, rems its
532 entropy by recycling almost all matter (one organism's wastand dead organic matter
533 are another organism's food), and excretes low-grade enem@s infrared radiation to
534 space. It also exchanges chemical materials with the Earghinterior (Smil, 1985).

sss  Understand Natural Systems. In order to estimate how much mass and energy we can
53 extract from a natural system forany biotechnology, we need to quantify this system's
537 annual net productivity. The dynamic reciprocal controls put mostnatural systems
538 in steady oscillations and their net productivity is very cbse to zero. Examples are
539 tropical forests, coral reefs, temperate climate forestgrairies, savannahs, etc. see
540 Figure 24 .

s How Much Can We Extract, and At What Cost? We need to clearly establish that

542 all major ecosystems are in steady oscillations (with verylesv drifts), and that no



543

544

545

546

547

548

549

550

551

552

553

554

555

556

557

558

559

560

561

562

563

564

565

566

567

568

569

Page: 50 Docket No. 05-0145 LOL T-4

advantage can be obtained from phase di erences among theirerent parts. If so,
then at the human time scale the rate of mass/energy extractn from all ecosystems is
equal to the rate of their subsidy with external energy and a@micals. This nding will
have the major impact on the investigations ofall bio-based or ecosystem-mimicking

supply energy schemes.

Is There Enough Water?  Watersheds and aquifers oscillate about their slowly chaimg
average conditions. Therefore, increased water extraatito drive land-based bioenergy
systems will result in local water depletion which may or mayot recover over our
lifetimes. We need to understand the time constants of localater recovery given the

increased demand and climate change.

5 There are viable renewable energy alternatives: So-
lar, wind, wave, biomass, ocean thermal

As demonstrated in (Patzek, 2004; Patzek and Pimentel, 200Q6olar photovoltaic systems
are 30 100 times more e cient in producing electricity than any bianass-fuel system,
including sugarcane, seEigure 27 . In addition, the industrial process of obtaining hydrogen
from ethanol to drive fuel cells does not exist. Thereforen reality, the e ciency of producing

electricity from the sugarcane and ethanol system is 2 3 times lower.

Look at Photovoltaic Cells. Photovoltaic cells transform solar energy into grid elecieity
with e ciency about 100{200 times greater thanall biosystems (Patzek, 2004; Patzek
and Pimentel, 2006). We need to learn how to mass-produceaotells without major
environmental disruptions. We then need to put them in placewhere they make most

sense, and decentralize the electricity grid a little.

Look at Energy Systems Built on Photovoltaics. We need to develop energy storage
systems that go with photovoltaic cells (Olah et al., 2006)One obvious choice is to use
the free energy of electrons generated by photovoltaic cetb drive chemical reactions
that will generate liquid fuels (e.g., methanol from the atmspheric or exhaust CQ,

methane, etc.)
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Solar cells

|

Acacias

Sugar cane

Corn

Eucalypts

i

10 Electricity, GJll(r)]g-yr 1099
Figure 27: The amount of electricity generated in 1 year witsolar cells on 1 ha dwarfs those
generated with hydrogen-burning 60%-e cient fuel cells oin power stations. The hydrogen
is obtained with no losses from ethanol from corn and sugare and electricity is generated
with the 35%-e ciency from eucalypt and acacia wood pelletsThe annual electricity yields
have been calculated byratzek & Pimentel (2006). Theminimum solar cell yield follows
the assumptions in this appendix. Note that the bar scale ibgarithmic, and annually the

solar cells produce 100 times more electricity than corn ethanol.

Add Energy Storage. All energy supply schemes require energy storage devicessys-
tems. We need to work on them, see thEnergy Systems Built on Photovoltaics

bullet.

Proceed with Di erent Energy/Fuel Supply Schemes. Even if by the Second Law of
thermodynamics all energy supply schemes are unsustainablve still need to nd
those that are least unsustainable, i.e., least taxing on ¢henvironment in which they

operate, and optimize their performance (Patzek, 2004).

Create Performance Evaluation Procedures. Create transparent, scienti cally sound

and generally accepted procedure of comparing all existiagd future energy systems.
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6.1

These procedures do not exist yet in the US.

The HECO proposal is inadequate

The proposed plant (110 MW) falls short of HECO's stated
need (170-200 MW)

This opinion is based directly on the statements of HECO witesses. Source Material:

Testimony of Thomas C. Simmons, HECO Vice-President of HECOPower Supply
Process Area. (HECO T-1)Subject: Policy Matters. \The Project involves HECOs
proposal to add approximately 110 megawatt (\MW") of peakimg generating capacity
on HECOs system" (HECO T-1, page 2).

Testimony of Ross Sakuda, HECO Director of the Generation &hning Division in the
Power Supply Services Department (HECO T-2).Subject: Background on Utility
Generating Systems, Background on HECOs Generating Systef@apacity Planning
Considerations, Type and Size of Capacity Addition, and Copretitive Bidding.

\HECO has an immediate need for additional rm generating cpacity. HECO indi-
cated in its 2006 AOS that HECO projected a reserve capacithartfall of 170 MW
to 200 MW over the period 2006 to 2009, assuming no new rm geaéng capacity
was installed in that period. It is estimated that the earlisst that new rm generating
capacity can be installed is 2009." (HECO T-2, pages 14-15).

\HECOs 2005 AOS [Adequacy of Supply] report, led with the Conmission on March
10, 2005, indicated that HECO needed an additional 50 MW to 7BIW in the 2006 to
2009 timeframe. Again, the 100 MW unit was adequately sizedHECO continued to

pursue installation of the 100 MW combustion turbine.

It was only with the 2006 AOS, led with the Commission on Mart 6, 2006, that it
was determined that the reserve capacity shortfall would b&70 MW to 200 MW in the
2006 to 2009 timeframe. A 100 MW unit would not be of su cient &e to overcome

this shortfall. However, by the time the 2006 AOS was led, HEO was already three
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years into the approximately seven year process to instalé unit and the combustion
turbine vendor had already been selected. Furthermore, asekplained earlier in my
testimony, the next larger size category for combustion tlines ranges from about 160
MW to 170 MW. This would have been too large because if a comieith cycle unit were
to be con gured using this sized combustion turbine (usingree 170 MW combustion
turbine and one 80 MW steam turbine), the total combined cyd size would be 250
MW. This would be too large for the existing system in which tk largest unit size is
180 MW. A large unit size such as a 250 MW combined cycle unit wial require that
even more reserve capacity be carried on the system to be atddake this unit out of

service and still be able to cover for the loss of the largeshitt

In its planning, HECO has accounted for the possibility thatcircumstances could
cause a need for more capacity. For example, Section 10.9tw# tRP-3 report provides
analyses of scenarios where additional capacity could beeded sooner than under
the base scenario. Section 10.9.2 on page 10-20 of the repadicates that a second
combustion turbine would be needed as soon as 2010 under anace where there is a
small CHP market size and there is a moderate level of energgiency DSM. Section

10.9.3 on page 10-21 of the report indicates that two combiumt turbines would be

needed in 2009 under a high sales and peak forecast scenario.

In addition, HECO performed an analysis of alternative scemios in the 2006 AOS.
HECO stated on page 39 of the report \As the base case and bothenate scenarios
illustrate, reserve capacity shortfalls are expected to anease to levels such that the
nominal 100 MW capacity of the peaking unit planned for 2009 euld not be su cient

to fully o set the shortfall in reserve capacity. In such scearios, larger peak reduction
impacts from measures such as these in the DSM and CHP progmmwould have
to be obtained, and/or more rm capacity than that to be provided by the peaking
unit planned for 2009, would be required to restore generati system reliability to an

acceptable level that meets HECOs reliability guideline.”

Q. Is HECOs selection of a nominal 100 MW simple cycle combigt turbine reason-

able? A.\Yes, itis. As explained above, the selection of a nonal 100 MW simple



634

635

636

637

638

639

640

641

642

643

644

645

646

647

648

649

650

651

652

653

654

655

656

657

658

659

Page: 54 Docket No. 05-0145 LOL T-4

cycle combustion turbine as the next generating unit is reasable.” (HECO T-2, page
59-61).

6.2 The proposed plant would continue to put too much emphasi S

on one fuel source

Hawaii generates 78 percent of its electricity from oil. Tlsi does not lead the nation, but
Hawaii is close to having the most energy from one source. Fexample, North Dakota
generates 87 percent of its electricity from coal.

Source Material: State Electricity Pro les 2001, http://t onto.eia.doe.gov/IFTPROOT/-
electricity/062903.pdf.

6.3 Ethanol production wastes resources (water, soil) that could

be put to better use
6.3.1 Ecological Consequences

People who |l their cars with biofuels often think that they are saving the world from an
ecological disaster. Unfortunately, on a large scale, theposite is true (Patzek, 2004; Patzek
and Pimentel, 2006).

By now, on average, 1/2 of the top 14 inches of soil in lowa isige (Pimentel et al., 1995).
Erosion is rampant, sed-igure 6.3.1 , and so is chemical pollution of the entire Mississippi
River drainage basin and the Gulf of Mexico near the Missiggi delta (Scavia et al., 2003),
seeFigure 29 . For example, over the last 20 years, the nitrate runo from he Midwest
corn and wheat elds discharged between 2,000 and 10,000 nes of nitrate per day into the
Gulf of Mexico. Thus, thanks to agribusiness and industriagriculture, the most productive
grassland ecosystem on the Earth may be destroyed in anoth& years. As they continue
to be degraded, Midwestern elds will have to become largemd be subsidized even more
with fossil energy (Ho and Ulanowicz, 2005).

Industrial crop production (corn, wheat, soybeans, etc.) auses environmental damage

and lost human health valued at between $5.7 and $16.9 biltigper year (Tegtmeier and
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Duy, 2004). The hidden subsidies of agribusiness from theneironmental resources are
estimated to be $24{96/ha-yr.

Figure 28: The Root River drains two SE Minnesota counties {fimore and Houston) and
discharges its deep-brown waters to the Mississippi Rivefop soil runo from corn/soybean
crop rotation elds after a 2" rain. This aerial photograph was taken mid-July, 2005, by the
University of Minnesota. Source: Private communication, M Jeff Webster , who lives
in that neighborhood, Nov. 9, 2005.

If one compares a corn eld with a prairie, one concludes thahe prairie runs on sun-
light4, while the corn eld runs on fossil fuels (Kimbrell, 2002), p 101. The most eloquent
testimony to this e ect was given by Ms. Theresa Schmalshof of the National Corn
Growers Association (NCGA) before the House Subcommittear &Energy and Mineral Re-
sources, Washington, D.C., May 19, 2005. M$&chmalshof was strongly in favor of getting

more natural gas and oil from anywhere in the US, including # Arctic National Wildlife

4The cellulosic ethanol proponents confuse the high ecologal e ciency of a grassland system (almost
100%) that recycles practically all mass, with its net productivity, which is almost exactly zero (Ulanowicz
and Hannon, 1987; Patzek and Pimentel, 2006; Ho and Ulanowi; 2005).
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Reserve (ANWR) and the outer continental shelf, to provide mre of the vital fossil fuels for
the corn and ethanol industries. She also wanted us to use rhumore coal in ethanol plants

to displace the increasingly expensive natural g&s

| have not addressed here the looming shortage of all water tine US (Gale, 2006). We
will run out of clean water for drinking, agriculture, etharol processing, and other industrial
uses a long time before we run out of coal or tight-rock naturgas. Here is just one example
posted® on the Web: \My company is currently suspending drilling opeations in Oklahoma
due to lack of available water. State, municipal and privatevater owners have all told us
that they will no longer sell water to us. We are experiencingimilar problems in Colorado,

Wyoming and New Mexico, but not to the degree we have encoungel in Oklahoma."

2002
2001
2000
1999
1998
1997
1996
1995
1994
1993
1992
1991
1990
1989 No Data i
1988 No Data i

1

1987 M i

1986 [ —— [C""Jlowa's Share|/

1985 [ I B Other States |-
0 5 10 15 20 25

Hypoxic Zone Extent” 1000 km?

Figure 29: The run-o agricultural chemicals (nitrates, plosphates, potassium, calcium, etc.)
discharge into the Gulf of Mexico and cause a large anoxic athere. This zone seems to

have appeared in the early 1980's. Source: (Scawtal., 2003).

Ms. Schmalshof 's testimony is available at http://resourcescommittee.house.gov/archives/109/-

testimony/2005/TheresaSchmalshof.htm
®Source: Mr. Nathan J. Hagens , Private communication, Feb. 22, 2006.
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6.3.2 Economic Consequences for Midwest

What are the economic consequences of producing excessivantjties of an undi erentiated
commodity, industrial corn? A quantitative answer for the argest corn producer, lowa, is
shown in Figure 30 . In constant dollars the price of corn in lowa has declined 1@ld
between 1947 and 2005. The corn yields in lowa have increasedly 3-fold in the same time
frame. Today's lowa farmers earn 1/3 of they did in 1947 sally corn, while their production
costs have increased manyfold, because they essentiallyrbmethane, coal, and diesel fuel
to produce corrt’. The price of methane has increased several-fold in the ldktee yearg®.
Corn crop subsidies supplemented the market corn price by up 50 percent between 1995
and 2004.

The consequences of reverse trends in corn production costgl corn price in lowa are
inescapable. There will be even more concentration of indtial corn production in giga-
farms operated by large agribusiness corporations, and réarmers will only rent the land.

In words of Dr. Kamyar Enshayan 19

Economist Ken Meter has assembled data from Agricultural Census and
the Bureau of Economic Analysis for many counties around theation to charac-
terize the nature of commodity agriculture (Meter, 2005). Br our 8-county area
around Black Hawk County, we have about 8,500 farmers who nilysraise corn
and beans and some livestock. On the average, from 1999 to 20ese farms
sold$1.08 billion worth of crops every year. But, they sper$$1.14 billion every

year to produce it. A loss of $62 million, every year, from 1992003. Most other

"Mr. Arno Bommer has called these activities \fossil-fuel laundering." Private communication, Feb.

17, 2006.
8\High costs for fertilizer, fuel and irrigation are expected to take a heavy toll on Kansas farmers next

year, with agricultural economists projecting net incomesto plummet nearly 37 percent from 2004 for dryland
farms across the state. The forecast is even more grim for iigated crop farms, where high energy costs to
pump water are expected to cut net farm incomes by nearly 91 peent in 2006, a study shows." Source:
Roxana Hegeman , AP, High fuel costs projected to slash farm incomesPosted on Fri, Nov. 25, 2005,

www.kansas.com/mld/kansas/news/state/13257576.htm
19pr, Kamyar Enshayan is an agricultural engineer and works at University of Northern lowa. He can

be reached at Kamyar.enshayan@uni.edu. His report is posteat www.uni.edu/ceee/foodproject.
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counties in lowa are doing worse, even as we see images ofrcebarvest, etc.
During the same period, our 8-county area farms received &lwillion per
year in federal government crop subsidies for corn and bearisis a long story,
but by every measure rural communities are declining and tee huge subsidies
have not helped, because these are not community-buildingbsidies, these are

commodity-exporting subsidies for two speci c crops.

T T T T T T
Price
Yield
With Subsidy

Normalized Corn Price and Yield in IA

0 | | | | |
1940 1950 1960 1970 1980 1990 2000

Figure 30: The normalized corn yields and constant-dollaisorn price in lowa over the last
60 years. Note that since 1947 the real price of corn has dexsed 10-fold while its yield
increased 3-fold. At times, 50% of corn price has come fromrearop subsides by USDA.
Sources: Cornyield and prices, USDA NASS and US Departmeritiseasury; corn subsidies,

Environmental Working Group, www.ewg.org.

6.3.3 Economic Consequences for US

American taxpayers spent a staggering $143.8 billion on farsubsidies over the past ten
years, more than $104 billion of which (72 percent) went to thtop 10 percent of recipients{

some 312,000 large farming operations, cooperatives, mpamtships and corporations that
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collected, on average, more than $33,000 every year. Mosttleis money goes to support
the prices of just three commodities: corn, soybeans and vate Only a small fraction is
spent on conservation and restoration programs. For exanglin lowa only 14.6% of farm
subsidies were spent on conservation and restoration of teavironment.

As long as agribusiness receives billions of dollars eaclalyén corn-price subsidies, it
obtains a signi cant gift from the taxpayers: An industrial raw material (corn grain) at
rock-bottom price, which can be processed into, say, ethdnat a signi cant prot. This
prot is further enhanced by a subsidy of 51 cents per gallonf@thanol, another courtesy
of the taxpayers via the Federal Volumetric Ethanol Excise d@x Credit (VEETC) and the
\Small Producers" ethanol tax credit of 10 cents of gallon. Bt it does not end there. States
and local communities lavish further subsidies and ethangroducers, thus forgoing their
own sources of tax income.

The direct taxpayer subsidies of corn agriculture and corntleanol, and the unbiased
energy-equivalent cost of this ethanol are listed imable 3 . The indirect taxpayer subsidies
of \free" exploitation of the environment are not included.

According to James Bovard 2°:

The Archer Daniels Midland Corporation (ADM) has been the mst promi-
nent recipient of corporate welfare in recent U.S. historyADM and its chairman
Dwayne Andreas have lavishly fertilized both political parties with millions
of dollars in handouts and in return have reaped billion-d&@r windfalls from
taxpayers and consumers. Thanks to federal protection oféhdomestic sugar in-
dustry, ethanol subsidies, subsidized grain exports, andmous other programs,
ADM has cost the American economy billions of dollars since&0 and has indi-
rectly cost Americans tens of billions of dollars in highernzes and higher taxes
over that same period. At least 43 percent of ADM's annual prts are from
products heavily subsidized or protected by the American gernment. Moreover,
every $1 of pro ts earned by ADM's corn sweetener operationosts consumers

$10, and every $1 of pro ts earned by its ethanol operation sts taxpayers $30.

20Archer Daniels Midland: A Case Study In Corporate Welfare by James Bovard. He is an associate

policy analyst with the Cato Institute, see www.cato.org/p ubs/pas/pa-241.html.
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A case of ethanol pricing subsidy is illustrated irFigure 31 . The distance driven by
a properly tuned car is directly proportional to the calori ¢ value of the car's fuel (Patzek,
2006e). Ethanol has 64 percent of the Low Heating Value of gdise. What does it mean?

In terms of driving distance, 1 gallon of E85 is equivalent t6:85 0:95 0:64+ (0:15+
0:85 0:.05) 1 = 0:709 gallons of unleaded gasoline. If one prices ordinary eatled
gasoline at $2.52/gallon and E85 at $2.22/gallon, as in Fige 31, the customer thinks
that he/she gets a better deal. However, the energy-equieadt price of 1 gallon of E85 is
$2.22/0.709=%$3.13. So, in fact, the buyer of E85 gasolineiped in Figure 31 subsidizes the
ethanol seller with $3.13 - $2.22=%$0.91 per gallon of E85. Bysing 20 gallons of E85 per
week, a driver will spend an additional $1000 per year. The derstatec?® di erential costs
of driving exible fuel vehicles (FFV) can be obtained from he National Energy Technology

Laboratory website www.fueleconomy.gov/feg/byfueltypdntm.

Figure 31: The caption of this photograph was: \At this staton in Chicago last month, E85
was clearly the fuel of choice for consumers trying to save mey or reduce oil imports.".
Source: Simon Romero , Much Talk, Little Action on Energy Front, The New York Times,
Feb. 2, 2006, Pages C1-C4.

Finally, ethanol dissolves a large number of substances ahgble in water and acids, such
as many inorganic salts, phosphorus, sulphur, iodine, rasi essential oils, fats, coloring
matters, etc. (Wright, 1994). Therefore, the metal-rich sldge in fuel tanks of most older
cars will dissolve in ethanol-containing gasoline and adeeate corrosion of fuel systems and

engines in these cars. Older berglass fuel tanks will didse in ethanol concentrated in

2LFor real-life driving, the EPA mileage estimates may be too high by as much as 40{50%.
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the omnipresent trace water, causing gradual failure of mgmotor boat engines. Because
fuel tanks in gas stations are made of steel, there will be me@ased corrosion from the metal
salts-ethanol-water electrolyte. This corrosion will uiimately eat through the tank walls.
According to NREL (Anonymous, 2002a), nonmetallic materia that degrade when in
contact with fuel ethanol include natural rubber, polyurehane, cork gasket material, leather,
polyvinyl chloride (PVC), polyamides, methyl-methacryldae plastics, and certain thermo-
and thermoset plastics. Metallic materials that degrade ircontact with ethanol include
zinc, brass, lead, and aluminum. Terne (lead-tin-alloy)dated steel, which is commonly used

for gasoline fuel tanks, and lead-based solder are also imgatible with ethanol.

6.4 Ethanol production is not an e cient way of creating fuel

The overall maximum energy e ciencies of the corn-ethanol cycle can be de ned dPatzek,
2006c¢; Patzek, 2006e):

_ Energy of ethanol fuel out
1 Energy of solar and fossil energy in

(11)

or
_ Energy of ethanol fuel + energy of coproduct fuel out

Energy of solar and fossil energy in
Based on the calculations performed in (Patzek, 2006c; Patz 2006e), these e ciencies

2 (12)

are ; = 0:23 and , = 0:37, respectively, for the average dry mill case. All casesosin
in Figure 32 are compared inFigure 33 . By including photosynthetic energy, but also a
penalty for the restoration of corn elds, rivers, aquifersetc., the overall corn-cycle e ciency
is still 3 { 4 times lower (without the DDGS energy credit), or 2 times lower (with the
DDGS energy credit), than the overall e ciency of gasoline pduction (0.833, sed-igure
34).

So, no matter how we do the calculations, we reach the follavg conclusion:

Fossil fuels must be conserved if our civilization is to suixe a little longer, seeFigure
35. From thermodynamics it follows that ecological damage wught by industrial biofuel

production must be severe.
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2002 llinois State Guidelines Includes electricity cogeneration

2005 ICM, Inc. Dry Mill

1995 State-of-the-Art, Dry Mill

1995 State-of-the-Art, Wet Mill I Steam i
[ Electricity (Primary)
1995 Best State, Dry Mil E g‘#}grampo”
Patzek, 2004
1995 Best State, Wet Mill " —— EtOH LHV

1995 National Average, Dry Mill

1995 National Average, Wet Mill

]

0 5 10 15 20 25 30
MJ/L EtOH

2006 S.D. PUC Energy Bills

Figure 32: Fossil energy used in ethanol re neries. The blueertical line is my average
estimate (Patzek, 2004). Other sources are: The ICM writteguarantee, the 1995 update
of Morris & Ahmed  (1992), and www.iletohprefeas.com/include/input.pdf fo the 2002
lllinois Guidelines for potential ethanol plant builders. The Low Heating Value (LHV) of
ethanol, i.e., the amount of energy one obtains from combuisy it in a car engine, is the
red vertical line. The ICM and Morris & Ahmed 's data were discounted by taking out
5 volume percent of the gasoline denaturant in ethanol. Notthat the 1995 US national
average for dry millsis the LHV of ethanol. Also note that my estimate (Patzek, 2004)s
a little better than the \Best State" wet mill. The most meaningful estimate may be from
the actual energy bills paid in 2006 by the South Dakota bioneeries to the Public Utilities
Commission (PUC).

6.5 It is naive to claim that Brazil ethanol is a success story

The media have been admonishing us to follow the Brazilian garcane ethanol success story
and gain independence from the Middle East oil. It is commoylsaid that ethanol has
displaced 40% of crude oil use in Brazil. The truth is somewhanore complicated.

First, Brazil is a developing country, whose consumption afrude oil has beertiny, 10
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[ ] Wi‘thcl)ut DDGS
1995 State-of-the-Art, Dry Mill CJwith DDGS ||
Gasoline
2005 ICM, Inc. Dry Mill Coal Dust
1995 Best State, Dry Mill g
1995 State-of-the-Art, Wet Mill N
Patzek, 2004 N
1995 Best State, Wet Mill g
2006 S.D. PUC Energy Bills| b
1995 National Average, Dry Mill B
1995 National Average, Wet Mill b
2002 lllinois State Guidelines b
0 012 0‘.4 016 0‘.8 1

Overall energy efficiency of corn-ethanol cycle

Figure 33: Overall energy e ciency of the industrial corn-éhanol cycle. Data sources are

listed in the caption of Figure 32.

times less than that in the US, sed-igures 36 and 37. In fact, for the last 40 years the
energy consumed in Brazil as crude oil has been smaller thametcalori ¢ value of corn
grain in the US! There were only three exceptionally wet yearin the US, during which corn
production fell somewhat below the Brazilian crude oil usesee Figure 36.

Second, if one divides the total energy of anhydrous ethanobnsumed in Brazil by the
energy of crude oil consumed there, the average ratio has bee mere 8% for the last 25
years.

Third, gasoline fuel use in Brazil is less than 1/2 of dieseli¢l use there, se&igure 38 ,
and sugarcane ethanol has added 40% to gasoline supply in Bka

Fourth, Brazilians are increasingly selling their ethanoto Sweder?, Japan, US, and

other countries, while increasingly driving on domestic ade oil.

22Sweden is slightly larger than California, but has only 1/4 of the Californian population. It has embarked
on an ambitious \carbon-free" economy. Sweden buys 80% ofstethanol from Brazil. Through their demise,

Brazilian tropical forests have been aiding the good Swedeis their noble e orts, see Figure 20.
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2002 llinois State Guidelines Includes electricity cogeneration 1

2005 ICM, Inc. Dry Mill

1995 State-of-the-Art, Dry Mill

1995 State-of-the-Art, Wet Mill
B Steam
"1 Electricity (Primary) | |
[ Bulk Transport
I Other

1995 Best State, Dry Mill

1995 Best State, Wet Mill

1995 National Average, Dry Mill

1995 National Average, Wet Mill

2006 S.D. PUC Energy Bills

0 2 4 6 8 10 12
Energy of ethanol refining/Energy of petroleum refining

Figure 34: Ratio of energy used to re ne corn grain to ethanand energy used to re ne
crude oil to diesel fuel or gasoline. The calculations are $&d on the data shown in Figure
32 and on the NREL report (Sheeharet al., 1998). The mean ratio is 7.

791 Therefore, unless we do the following in the US, we should ndéceive the public:

792 For an equal per capita use of petroleum, we must cut down peteum consumption
793 in the US by afactor of 6.

794 This would mean driving all US vehiclesone day per week

795 All passenger cars and SUVs would have to be driven oniye day every two weekd
796 While aggressively expanding sugarcane plantations in ti@&errado, Brazil has been mov-

77 ing other crops, e.g., soybeans, into the Amazon Forest, whihas been cut and burned at

©

78 @n ever increasing rate (the total area of US corn elds ovehe last 15 years), see Figure 19.

o The biodiversity hot spots in the Cerrado region have beendeaced to 1/5 of their original

7

©

g0 Size, and pollution is rampant. Whole sugarcane plants aresed to produce ethanol and no

23Actually, once in 16 days.
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biomass is recycled back to the plantations. There are fews@ronmental controls of e uents
from the sugarcane ethanol plants and the incredibly polling vinasse, whose volume is up
to 15 times that of ethanol, is allowed to damage the environemt (Patzek and Pimentel,
2006). In the long run, Brazilians will be unable to ght the ®il erosion, nutrient depletion,
and environment pollution caused by sugarcane plantatiorend re neries, and will have to

subsidize these plantations with fossil fuels and cut dowrace production.

When one accounts for the displacement of other crops, mgs#oybeans, from the Cer-
rado to the Amazon region, seS&ection 1.2 , and the resulting obscene virgin tropical forest
destruction that causes greenhouse gas emissions rivalihgse of the US, one wonders about

the grotesque self-deception perpetuated as the Brazilidmofuel \success" story.

I With DDGS
1995 State-of-the-Art, Dry Mill [ JWithout DDGS |{

2005 ICM, Inc. Dry Mil ]
1995 Best State, Dry Mil ]
1995 State-of-the-Art, Wet Mill ]
Patzek, 2004 ] 1
1995 Best State, Wet Mill _
L]

2006 S.D. PUC Energy Bills

1995 National Average, Dry Mill | 1

1995 National Average, Wet Mill | 1

2002 lllinois State Guidelines | b

0 1 2 3 4 5 6 7 8
Gallons of ethanol to displace 1 gallon of gasoline

Figure 35: Gallons of ethanol, produced in a cycle driven bym ethanol, needed to displace
energy in 1 gallon of gasoline are calculated as 1=0:64 or 1= ,=0:64. With the full DDGS
energy credit, 3.9 gallons of ethanol displace on averagesetenergy in 1 gallon of gasoline.
Without the DDGS energy credit, this average number is 6.2 ¢jans of EtOH. Note that
the 2006 South Dakota plants represent both averages.
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T T T T T T

T T
—— US Corn Grain
Brazil, Oil Consumption
Brazil, Anhydrous EtOH Consumption
—— US, EtOH Consumption

w
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Figure 36: There exists a myth that Brazil replaced 40% of itpetroleum use with ethanol.
Plotted are the energy in US corn grain, Brazilian crude oil rd ethanol consumption, as
well as the US ethanol production. Note that the energy consied as crude oil in Brazil has
been lower than the energy produced in the US as corn grain. Usces: BP, Earth Policy
Institute, Ethanol Producers Association, USDA NASS, (patek:2006b).

6.6 If biomass is the answer, it makes more sense to burn it di-

rectly

As calculated in (Patzek and Pimentel, 2006), the direct buring of pre-dried biomass to gen-
erate steam and electricity is the most e cient way obtainirg mechanical work in stationary
applications. To convert biomass to a nished liquid transprtation fuel at an incredibly
high fossil energy cost and damage to the environment, andeth burn this fuel in a sta-
tionary power plant is the most nonsensical proposition | hee heard in many years. This

proposition is utterly indefensible on scienti c and commo sense grounds.

The industrial tree and sugarcane plantations considered {(Patzek and Pimentel, 2006)

are the sun-driven, man-made \machines,"” whose ultimate ¢put is shaft work These vast
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Alcohol/Crude oil Consumption, Energy %
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Figure 37: Sugarcane ethanol has added on the average only &/he Brazilian crude oll

consumption. The sources are listed in the caption of FiguiZs.

and enormously complex machines should be compared agaitwbd other, much simpler

devices that also convert solar energy into shaft work: solaells and wind turbines. Solar

cells (whenever their panel areas measured in krhecome commercially available) convert

solar energydirectly into electricity, the most valuable form of free energy, ththican be

further converted into shaft work with small losses. Wind tubines produce electricity from

the kinetic energy of the sun-driven wind, and will not be cosidered here. Therefore,

systems.

All biofuel-producing systems should be judged on their dify to generate shaft
work, not merely a biofuel. These systems consume massivecamts of free energy
| environmental low entropy | to produce their shaft work. Bu
the fundamentally incomplete net energy \balances,"” see éfzek, 2004; Patzek, 2006¢

Patzek, 2006e), are performed to evaluate merits of the ingiwial biofuel-producing

t, as a rule, only

Therein lie the reasons for confusion surrounding the vare published estimates of
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Natural gas 1

Ethanol

Energy in ethanol = 40% of gasoline energy

Gasoline

Diesel

0 10 20 30 40 50 60
Brazilian Automotive Fuels, Volume Percent of Total, March 2006
Figure 38: The reason for the Brazilian ethanol myth is that #hanol use in Brazil was
40% of thetiny gasoline use in Brazilian cars. Diesel fuel was the major cponent of

transportation fuels in Brazil. Source: Brazilian Ministly of Mines and Energy.

biofuel system e ciencies. For example, in (Dobereiner etla 1999) it is claimed that

... Brazil is the only country in the world where biofuel progammes are en-
ergetically viable. The overall energy balance of ethanof@duction on Brazil is
2.5. If bagasse is used to produce all factory power, the eggibalance increases
to 4.5 and if in addition all N fertilizers are eliminated, itincreases to 5.8... (page
200)

The simple fact is that a mere (evidently incomplete) net engy \balance" is insu cient
to make such claims (Patzek, 2004).

Figures 40 { 43, summarize the results of (Patzek and Pimentel, 2006). Weast from
the ancient solar energy stored in a good quality oil resenvo We assume that this reservoir

is produced at a constant average rate over 20 years. If all-m-place could be produced, 1
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—— US, Oil Consumption

Brazil, Oil Consumption
—— US, EtOH Consumption
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Figure 39: Lessons for the US? To be a Brazil, we must decredise per capita petroleum
use in the USsix times. The ratio of crude oil consumption in both countriess 10, but the

population is 300 million people in the US versus 186 millioim Brazil.

m? of the reservoir would deliver almost 1300 W of heating powetf only 1/3 of the oil in
place is recoverable, this heating power decreases to abd@0 W. But we arenot interested
here in heat generation; instead we want to obtain useful worof a rotating shaft, such as
an electric motor, or a car engine. This being the case, we dse to use a 35%-e cient
internal combustion engine: a good power station, or a ToyatPrius. The amount of useful
driving power generated from 1 rhof the example reservoir is then roughly 150 W. The only
problem with our oil reservoir is that after 20 years there isi0 oil left to drive the internal
combustion engine; this resource is nite and irreplaceadl

If, like the Norwegian government, we insisted on recovegns0% of the oil-in-place, the
shaft power from the oil reservoir would increase to 250 W, wdin happens to be the time-
averaged solar power across a horizontal surface in the ticgg One n? of horizontal solar

cells may generate 10% of the average solar power, i.e., 25 f\électricity?*.

240f course free energy is also used to produce solar cells. Thiée-cycle analysis of solar cells will be
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Avg. Tropical Insol,

OI|+35%-|C Eng . Oil recoverable in 20 years from a 100 m-thick reservoir -

Horiz. Solar Cell g

Acacia-Captured b

Sugarcane-Captured b

Corn-Captured R

Eucalypt-Captured | b

0 50 100 150 200
Captured Solar Power, W/m?

Figure 40: From the top: The time-averaged solar power aci®$ nt of the horizontal surface
in the tropics; solar power extracted from 1 rhof a good oil reservoir by producing it over
20 years and generating shaft work through a 35%-e cient irgrnal combustion engine; solar
power captured by a horizontal solar cell panelall solar power captured by 1 ra of A.
mangium, Brazilian sugarcane, U.S. corn, andE. deglupta Note that the speci c amounts

of solar power captured by these plants are almost invisibkg this scale.

Our exceptionally proli c stand of Acacia mangium trees, Figure 41 , captures 1.39
W/m 2 as stemwood-+bark, and 0.31 W/m as slash, which is usually destroyed by burning.
Twenty percent of the stemwood mass is lost in harvest, handy and processing. Again,
we do not want to just burn the wood, but we convert its free errgy to electricity and/or
automotive fuels. For the three scenarios discussed in (Rak and Pimentel, 2006), the
amount of solar energy captured as electricity is 0.35 W/f as the FT-diesel fuel + a
35%-e cient car (a Toyota Prius) + electricity, 0.29 W/m ?; and as ethanol, 0.11 W/n3.

The negative free energy cost of pellet manufacturing is @.4V/m? (as much as sugarcane-

performed later.
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ethanol manufacturing), and the plantation maintenance assumes about 0.1 W/n? (a bit
less than the 0.14 W/nt to run a sugarcane plantation). The net solar power capturety

this planation is negative, unless the free-energy cost oélfet manufacturing is cut in half.

The not-so-proli ¢ stand of Eucalyptus degluptan Figure 42 , more representative of av-
erage plantations, captures 0.34 W/rh as stemwood+bark, 0.19 W/nt as slash. When this
energy is converted to electricity, only 0.09 W/m is captured. The FT-diesel fuel/car/electricity
option captures 0.07 W/n?. Finally, the ethanol/car option captures 0.03 W/n?. The nega-

tive free energy of pellet production is 0.10 W/rf, and the eucalypt plantation maintenance

Biomass-Captured Stem+bark g

Pellet-Captured §

Electricity-Captured 35% Effic. i

FT-diesel+35%-Car | b

EtOH+35%-Car. } b

Pellet Production i

-0.5 0 0.5 1 15 2
Captured or Spent Power, W/m?

Figure 41: From the top: Solar power captured by 1 mof the exampleAcacia mangium
stand in Indonesia; as electricity generated from wood petk in a 35%-e cient power plant;

as FT-diesel fuel in a 35%-e cient car and electricity; and a ethanol from the pellets
powering a 35% e cient car. The negative free energy costs pfoducing the acacia wood
pellets and maintaining the plantation (Rest) are larger tlan our three options of generating

useful shaft work from the captured solar energy.
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Biomass-Captured | Stem+bark R

Pellet-Captured [ i

Electricity-Captured 35% Effic. i
FT-diesel+35%-Car :| 4
EtOH+35%-Car. | } i

Pellet Productionf i

-0.2 -0.1 0 0.1 0.2 0.3 0.4 0.5 0.6
Captured or Spent Power, W/m?

Figure 42: From the top: Solar power captured by 1 fmof the exampleEucalyptus deglupta
stand in Indonesia; as electricity generated from wood petk; as FT-diesel fuel in a 35%-
e cient car and electricity; and as ethanol from the pelletspowering a 35%-e cient car.
The negative free energy costs of producing the eucalypt wbpellets and maintaining the
plantation (Rest) are larger than our three options of genating useful shaft work from the

captured solar energy.

consumes 0.05 W/r. It seems that the net solar power captured by the eucalypt phation
is always negative, no matter what we do about wood pellets.oF convenience, the acacia
and eucalypt capture e ciencies are listed inTable 4 .

The proli c average sugarcane plantation in Brazil inFigure 43 , captures 0.59 W/nt as
stem sugar, 0.57 W/n? as bagasse, and 0.42 W/fas \trash," both attached and detached.
Because of the unique ability of satisfying the huge free exg (exergy) consumption in
cane crushing, fermentation, and ethanol distillation (@t1 W/m?), as well as fresh bagasse
+ \trash" drying (0.27 W/m ?2), with the chemical exergy of bagasse and the attached \trhs'

sugarcane is the only industrial energy plant that may be cla@ld \sustainable." The sugarcane
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ethanol has the positiveW, Wg balance when used with 60%-e cient fuel cells, a technology
that still is in its infancy, and whose real e ciency of geneating shaft work is 38%, see
Appendix A in (Patzek and Pimentel, 2006). The remainder of the \trash’'must be left in
the soil to decompose and improve the soil's structure. Theeke energy used to produce cane
(0.14 W/m?) and clean the distillery wastewater BOD (0.06 W/n%) exceeds the bene ts from

Sugarcane-Captured Sugar Dry Trash -

Ethanol-Captured [ 7

60% Fuel Cell | 1

EtOH+35%-Car. :| : : b

EtOH+20%-Car. | :| : : b

= ‘ ‘ |

-1 -0.5 0 0.5 1 1.5 2
Captured or Spent Power, W/m?

BOD

Ethanol Production

Figure 43: From the top: Solar power captured by 1 fof the average sugarcane plantation
in Brazil: as the chemical exergies of sugar, bagasse, andagh"; as the chemical exergy
of ethanol; as electricity from a non-existent (Appendix A)60%-e cient fuel cell; as shaft
work from a 35%-; and 25%-e cient internal combustion engia. The negative free energy
costs of producing the sugarcane (Cane) and cleaning up thistdlery wastewater (BOD) are
larger than both internal combustion engine options, but smler than the fuel cell option.
The negative costs of ethanol distillation (Ethanol), and bgasse + \trash" drying (Drying),
are paid with the chemical exergies of bagasse and attacheash" (the left part of the

rightmost bar segment at the top).
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a 35-% and 20%-e cient internal combustion engines (0.14 an0.08 W/m?2, respectively).
For convenience all these numbers are listed Table 5 .

So the most important lesson from (Patzek and Pimentel, 20D& as follows.

The solar power captured by industrial tree and sugarcanegtations is minuscule when
compared with an oil reservoir (for a limited time only) and vith solar cells (for practically
in nite time). To make things worse, what little solar energy is captured by the plants goes
in tandem with a disproportionate environmental damage and negative free energy balance.
We conclude that government and industrial funding for \remwable energy sources" will be
spent much more wisely on the development of large-throughi e cient technologies of

manufacturing solar cells (possibly poly-crystalline sdon-based cells).
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Table 3: True cost of corn ethanol to taxpayers

Line Fact Value Units
1 2005 EtOH production capacity? 4486 | 10° gallons denatured per year
2 \Small producers"® EtOH capacity 2597 | 10° gallons denatured per year
3 Mean ethanol tax credit® for \small producers" 0.0579 $/gallon denatured

4 VEETC tax credit ¢ 0.5100 $/gallon denatured

5 Mean ethanol tax credits 0.5679 $/gallon denatured

6 Cumulative corn subsidie$ in US from 1995 to 2004 | 41.90 $ Billion

7 Cumulative corn produced in US from 1995 to 2004| 95.309 Billion Bushels

8 Average? corn subsidies from 1995 to 2004 0.4396 $/bushel

9 Mean rack price" of EtOH (06/19/06) 3.6472 $/gallon denatured

10 Mean EtOH vyield' from 2000 to 2004 2.4776 gallons EtOH/bushel

11 Mean subsidy of EtOH from corn subsidies 0.1774 $/gallon EtOH

12 Mean state subsidie§ for EtOH 0.1535 $/gallon EtOH denatured

13 Total mean subsidy of EtOH 0.8988 $/gallon EtOH denatured

14 Mean cost ™ of EtOH to taxpayer 4.5461 | $/gallon EtOH denatured

15 Mean premium gasoline pricé 3.1700 $/gallon

16 | Energy equivalent ° cost of EtOH to taxpayer 6.9089 $/gallon GGE

a http://www.ethanolrfa.org/industry/locations/, updat ed 04/12/06

b Asin a. A \small-producers" tax credit of $0.10/gallon for the pro  ducers of up to 60 million gallons EtOH per year

¢ Line 2=1 0:10

d The Federal Volumetric Ethanol Excise Tax Credit, http://w ww.irs.gov/irb/2005-02  IRB/arl4.html

€ http://www.ewg.org/farm/region.php? ps=00000, access ed 4/14/06

f http://www.ers.usda.gov/Brie ng/Corn/, accessed 04/14 /06

9 Line 6=7

b http://www.axxispetro.com/ace.shtml. The mean rack pric e in the largest ethanol producing states in the Midwest. The
rack price of ethanol delivered to both coasts will be at leas t $0.15 higher because of transportation costs

I The mean of (Industry-reported yields - Brazilian imports) , multiplied by 0.95 to remove gasoline denaturant

I Line 8=10

k' Source: http://www.opisnet.com/headlines.asp, Sunny Forecast for Summer Ethanol Blending , accessed 02/21/05. The
Cato Institute estimates these subsidies to be $0 :30  0:40.

! Lines 5+ 11+ 12

M Lines 9+13

" DOE Energy Information Administration

© Direct cost, excluding environment subsidies. Line 14 =(0:95 0:64 +0:05). GGE = Gallon Gasoline Equivalent
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Table 4. Solar power captured, consumed, and output by by atia and eucalypt trees

2 This slash is no \trash" and should be left on the plantation t

Table 5: Solar power captured, consumed, and output by sugamne

2 The detached \trash"

b In Appendix A we show that the 60%-e cient fuel cells do not ex

Quantity Acacia | Eucalypt | Units

Stem capture 1.39 0.34 W/m 2
Slasi capture 0.31 0.19 W/m 2
Pellet capture 1.10 0.28 W/m 2

Wr in pellet production | 0.41 0.10 W/m 2
Wg in acacia plantation | 0.07 0.05 W/m 2
Electricity capture 0.35 0.09 | We/m?
FT-+electricity capture 0.29 0.07 W/m 2
Ethanol capture 0.11 0.03 W/m 2

o decompose

Stem sugar capture 0.59 W/m 2

Dry bagasse capture 0.57 W/ m?

Dry attached \trash" capture 0.15 W/m 2
Dry mill \trash" capture 0.27 | W/m?
Ethanol capture 0.41 | W/m?

Extra electricity capture 7.7€-005| We/m ?
CEXxC in cane production 0.14 | W/m?
CEXC in ethanol production 0.41 | W/m?
CEXC in bagasse and trash drying| 0.30 W/m 2
CEXC in BOD removal 0.06 | W/m?
20%-e cient IC engine output 0.08 | W/m?
35%-e cient IC engine output 0.14 | W/m?
60%-e cient fuel cell output ° 0.25 W/m 2

> 1=2 of the total must be left in the soil to decompose

internal combustion engine, or a hybrid-diesel car

ist, and their real e ciency is just above that of a 35%-e cie nt



