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= Gathering metrics
Why are metrics important?
High variability of metrics
Ildentifying key assumptions
= Case study: Biodiesel from soybeans

Energy balance
= Comparison to one corn EtOH study

Huge amounts of variability
= How to proceed

Track assumptions

One metric will be insufficient
= Create a model?

AIChE



= 1O evaluate cost and benefits of
different technologies

= Allow for comparative evaluation of
potential solutions

Identify areas that need improvement
= Create a framework for policy decisions
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= No widely accepted framework for
analyzing energy solutions

= Many credible different groups present
radically different data
Each uses different assumptions
Different input data
Different system boundaries

= ldeal metrics will be transparent
Show effects of assumptions and values

Assess sensitivity to varied values on
overall outcomes
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Table 1—Energy input assumptions of corn-ethanol studies

Study/vear Corn vield Nitrogen Nitrogen Corn ethanol Ethanol Total!  Coproducts! Net!
fertilizer fertilizer  conversion rate  ConvVersion  energy use  energy energy
application  production process credits value
rate

Bu/acre Ibiacre Brulb gal/bu Bh/gal Btu/'gal Bru/gal Btu/gal
Pimentel (1991) 110 136 37,551 2.50 73,687 131,017 (LHV) 21,500 |-33,517
Pimentel (2001) 127 129 33,547 2.50 75,118 131,062 (LHV) 21,500 |-33,562
Eeenev and
DeLuca (1992) 119 135 37,958 2.56 48,470 91.196 (LHV) 8,078 -8, 438
Marland and
Turhollow (1990) 119 127 31,135 2.50 50,105 73,934 (HHV) 8,127 18,154
Lorenz and
Morris (1995) 120 123 27,605 2.55 33,956 81.090 (HHV) 27.579 30,589
Ho (1989) 90 NE NE NE 37,000 90,000 (LHV) 10,500 -4,000
Wang et al. (1999) 125 131 21,092 2.55 40,850 68.450 (LHV) 14.950 22,500
Agn. and Agn-Food
Canada (1999) 116 125 NE 2.69 50,415 68.450 (LHV) 14,055 | 29826
Shapouri et al. (1995) 122 125 22,159 2.53 33277 82824 (HHV) 15036 16,193
This study (2002) 125 129 18,392 2.66 31,779 77228 (HHV) 14372 21,105
NE.. Mot reported

LHV: Low heat value = 76,000 Btu per gallon of ethanol. Keeney and Deluca used 74,680 Biu per gallon of ethanol.
HHV: High heat value = 83,961 Btu per gallon of ethanol. Lorenz and Morris used 84,100 Btu per gallon of ethanol. )
! The midpoint or average is used when studies report a range of values. Shapou I et al . 2002
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‘ Case study: Biodiesel from
Soybeans Energy Balance LCA
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= Neat numbers are available for a Net Energy
Value (NEV)

Energy input for Btu/gal of Biodiesel*

Growth Transport Crushing Conversion | Transport
(to facility) (to market)
4,533 729 3,903 15,929 1,026

*Pradhan et al. 2009 Soon to be published
Study updates 1998 “Life Cycle Inventory of Biodiesel” study by DOE and USDA

= Lets explore how these numbers are obtained
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Growth
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Growth

= Data available from USDA sources
Economic Research Service (ERS)
Agricultural Resource Management Survey (ARMS)
National Agricultural Statistics Service (NASS)

= Specifically:
Energy data from ARMS
State yield and fertilizer data from NASS

Herbicide, insecticide application data from NASS
Agricultural Chemical Survey

Lime application rates from ERS
Seed application rates from ARMS
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‘ Agricultural Inputs Growth

Stats AR IL I IA ES EY LA MD MO M ME MO NE NC MND OH 5D ™ WA WI zxifah;:
Input
Sead Ibsiae 584 885 71T 631.6 5035 661 M4 74 TI4 87.3 514 6E6 679 541 723 B42 651 369 849 707 &79
Fartilizar
Mitrogen bsfac 176 35% 300 0.89 444 T44 013 351 118 124 257 234 491 los 165 257 765 125 7.5 397 426
Phosphars Ibsiac 186 136 117 154 104 235 696 392 156 475 110 15 17.0 134 189 1312 240 2895 15.2 123 12.65
Potash Iesiac 224 401 476 157 215 el 549 143 581 543 179 313 311 378 124 582 574 420 383 355 25.52
Dhrect Energy
Gasolne zal'ac 13 090 160 1.10 110 140 L1 210 1350 1.10 120 140 130 1.50 140 130 140 130 1.20 240 1.28
Dhesel gal'ac 990 250 230 3.40 290 2.10 650 250 400 4.00 430 430 129 240 320 200 280 220 1.90 5.20 4.06
LF zallac NE 000 NWR 0.00 180 NE NE NE NE NE NE MR 4.40 NE NE MNE 000 NR MR 0.00 0.73
Electricity EWhiae 112 NE 1.30 0.00 .10 4.50 NE 0.30 NE NE 380 MNR 304 0.60 U.S.p 0.00 NE 1.00 ME MNE 6.62
MWatural Gas Cflac NE 000 NWR 0.00 349 0.00 NE 000 000 0.00 060 0.00 586 0.00 0,00 000 000 000 0.00 0.00 5841
Chemicals
Herbicides Iesiac 100 123 1.35 1.26 107 1.15 lad 154 122 098 les 117 1.23 1.00 1.26 134 1200 12% 1.23 0.81 121
Insecticides Iesfac 004 000 000 0.01 0.0 0.00 0e0 034 000 0.00 0.0z 000 0.01 0.7 000 000 002 000 0.0s 0.00 .02
Lime lbs/ac 53.7 595 G683 BG4 1467  BE56  TOT7 WA 3233 1818 120 3185 1239 6520 NE jo4p6 MR B2B3 7607 3793 357.94
Tiald Bu'ac 335 430 415 480 230 33.0 320 230 385 435 320 340 385 240 330 320 310 310 23.0 4.0 380
Source: USDA Economic Research Service; USDA National Agricultural Statistics Service, 2002; and USDA Agnicultural Resouce
Management Survey.
*Weighted by area harvested in each state.
NA: Not available
NE.: Not reported 1n that State due to small sample siz=.
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Growth

= Key points:

High Yield variation

= From 23 Bu/Ac in VA, KS and MD up to 44 Bu/Ac in
Wi

Energy balance is significantly affected by crop

productivity

All values converted to Btu using Lower Heating

Values (LHV)

= Key assumption:
Energy generation comes from combination of coal,
natural gas, nuclear, hydroelectric at proportion of
national average of 70%0
= Removes energy from non-fossil/renewable sources
(30%)
Energy usage depends on geographic area
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Growth

Is the national energy proportion of national
average of 70%o fair?

= According to Biodiesel Board there are:
13 Biodiesel plants in lowa
2 in Oregon

MNATIOMAL'

] [e DIES EIN

Commercial BIDCIIESE| Pruduction Plants (september 29, 2008)

(@ BQI9000 Producers



Growth

= lowa has 8126 of energy from fossil fuel sources

= Oregon has 30%b of energy from fossil fuel sources
According to 2007 DOE EIA report

= 7020 assumption distorts values
Carries over throughout life cycle (nhot just in growth)
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Growth

H Energy used for: 20 States Weighted

Inputs™ Average
Plantin g Btu/bu Btu/gal
. Seeds 3.491 2343
Land preparatlon Fertilizer:
PI - Nitrogen 2483 1.667
owin g Phosphorus 1.314 882
ihi Potassium 1.723 1.157
Fertilizer and Do o
pesticide Diesel 16.280 10.928
appllcatlon Gasoline 4782 3.210
LP gas 1.817 1.220
| rrigati()n Electricity™* 1.288 865
. Natural Gas 1.607 1.079
H arveStI ng Ag Chemical Application:
. Herbicide 4371 2,934
D ryl n g Insecticide 33 37
: : Lime 306 340
Are included In total [ 7 faer for
farm fueIS and Agriculture 39717 26,662
efficiency
. * Inputs are adjusted by energy efficiency factors.
estimates

** Assumes 70 percent of electricity generated from fossil sources.
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Transport (to facility)
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= Energy for transporting estimated using
GREET model (Argonne National
Laboratory

This Is a widely used model for predicting
transportation energy use

Assumes 50 miles of trucking soybeans
from a distribution center to a
crusher/biodiesel plant

Assumes that crusher and conversion
facility are combined

= Many times not the case
Comes to 6,393 Btu/Bushel
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Crushing
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Transport FC

= Key Assumptions

Average 70% energy costs again

Uses a modern design of plant — not a real
plant

= Uses a model from USDA ARS of a joint soybean
crushing and biodiesel plant

Produces 9.8 million gallons of biodiesel
151,515 tons of soybean meal

9,000 tons of soybean hulls

4,380 tons of crude glycerin

= According to study: “actual industry data for

soybean crushing and biodiesel production was
unavailable”
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‘ Crushing energy used Crushing

Equivalent*
Inputs Energy Source
(Btu/gal)

Soybean crushing:

Electricity** 5.033 ARS

NG/Steam 15,460 ARS

Hexane 1.567 Huo et al.
Total fossil energy for crushing 22,960

* Inpurts are adjusted by energy efficiency factors.
" Assumes 70 percent of electricity generated from fossil sources, which 15 adjusted for

generation and line losses.
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conversion
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conversion

» Key assumptions

Only examines one process:

= React oil with methanol and sodium hydroxide
= Centrifuge

= Wash with water acid solution

m Dry

= This may be valid as it appears that
most plants use this process as well
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‘ Conversion energy use

Equivalent®
Inputs Energy Source
{Biu/zal)
Biodiesel conversion:
Electricity 051 ARS
NG/Steam 6.286 ARS
Methanol 10,626 Huo et al.
Sodiunm Methoxide 1,306 Huo et al.
Sodivm Hydroxide 26 Huo et al.
Hydrochloric Acid 42 Huo et al.
Total fossil energy for conversion 10, ;2 7

* Inputs are adjusted by energy efficiency factors.

conversion

" Assumes 70 percent of electricity generated from fossil sources, which 15 adjusted for

generation and line losses.
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Transport (to market)
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= GREET model

Assumes distances for truck, barge and ralil
= 32 miles truck

= 42 miles barge

= 232 miles rail

= 30 miles by truck for distribution

= Predicts 1,026 Btu per gallon of
biodiesel transported
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= Distorts final results...

Removes >50% of energy from LCA
Inventory

Key assumption — is it valid?
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= Soybean meal and crude glycerin are
excluded from energy inventory because they
are coproducts

= Many methods for allocating coproduct values

Energy content

= Problem: Measured in calories — not a good estimate
for energy in a fuel context

Market values

= Problem: Determined by market factors unrelated to
energy content

= This study uses the mass based allocation
method: allocates coproducts by their relative
weights
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= Therefore, allocating based on weight

Energy mnput allocation for biodiesel = £; 7, = £; 7 + £;

E1 = Energy input for agriculture

f1= mass fraction of soybean oil used to produce biodiesel

E2 = Energy required for conversion and transport of soybean oil
f2 = Mass fraction of processed oil used to produce biodiesel

E3 = Energy input for biodiesel transport
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LCA Inventory

Fossil Energy Use (BTU/gal of BD)

Total Biodiesel fraction’
Agriculture 26.662 4,533
Soybean transport 4,291 729
Soybean crushing 229060 | = | 3.003
Biodiesel conversion 19.331 15,929
Biodiesel transport 1.026 1.026
Total Energy Input for biodiesel
adjusted for coproducts 26.120
BD Total Energy Output 117.093
Net Energy Value 00.973
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This study iIs used by biodiesel trade
organizations

All data iIs variable — one metric is insufficient

Lots of data Is available from government
sources

USDA

= National Agriculture Statistics Survey (NASS)

= Agricultural Resource Management Survey (ARMS)
= Economic Research Service (ERS)

How accurately can we compare this study to
another type of fuel?
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‘ Compare metrics
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= Shapouri et al. 2002
Tried to reconcile differing values:

Table 1—Energy input assumptions of corn-ethanol studies

Study/vear Cormn vield Nitrogen Nitrogen Corn ethanol Ethanol Totall  Coproducts! Net!
fertilizer fertilizer CONVErsion rafe  CONVErsion  energy use  energy energy
application production process credits value
rate
Busacre Iblacre Biu/lb galibu Btuw/gal Bhi'gal Bru/gal Bti/gal
Pimentel (1991) 110 136 37,551 2.50 73,687 131,017 (LHV) 21,500 |-33,517
Pimentel (2001) 127 129 33,547 2.50 75118 131,062 (LHV) 21,500 |-33,562
Keeney and
DeLuca (1992) 119 135 37,958 2.56 48.470 91.196 (LHV) 8,078 -8.438
Marland and
Turhollow (1990) 119 127 31,135 2.50 50,105 73.934 (HHV) 8,127 18,154
Lorenz and
Morris (19935) 120 123 27,605 235 53,956 81,090 (HHV) 27.579% | 30,589
Ho (1989) 90 NR NE NE 57,000 90,000 (LHV) 10,500 -4,000
Wang et al. (1999) 125 131 21,092 255 40,850 68,450 (LHV) 14950 22,500
Agn. and Agni-Food
Canada (1999) 116 125 NE 2.69 30,415 68,450 (LHV) 14,055 29 826
Shapourt et al (1995) 122 125 22,159 253 53277 82,824 (HHV) 15056 16,193
This study (2002) 125 129 18,392 2.66 51,779 77228 (HHV) 14372 | 21,105

INE: Not reported
LHV: Low heat value = 76,000 Btu per gallon of ethanol. Keeney and DeLuca used 74,680 Btu per gallon of ethanol.
HHWV: High heat value = 83,961 Bt per gallon of ethanol. Lorenz and Morris used 84,100 Btu per gallon of ethanol.

! The midpoint or average is used when stdies report a range of values. g I CI E.




= Used USDA survey data to determine
energy Inputs

Used a 3 year average of yields to account
for variation in growing seasons

Used a nine-state weighted average
= Yield ranges from 79-130 bushels/acre in 1991
= Ranges from 94-133 bushels/acre in 1996

= Used total energy — did not remove
non-fossil sources, e.g. hydroelectric
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= Transporting corn to EtOH plants

Used GREET model

= 40 miles by truck from collectors to terminals
= 350 miles by barge from terminal to EtOH plants
= 400 miles by rail from terminal to EtOH plants

= Compared with 50 miles by truck only
for soybean study
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= Surveyed EtOH plants to determine

conversion rate

Not based on a theoretical plant
= Combined processing faclity

Distinguish between two types of plant

Table 6—Energy use and net energy value per gallon

without coproduct energy credits, 1996

Milling process

Production phase Dry Wet  Weighted average
Btu per gal
Cormn production 21,803 21,430 21.598
Corn transport 2,284 2,246 2,203
Ethanol conversion 48,772 54,239 51.779
Ethanol distribution 1,588 1,588 1,588
Total energy used 74,447 79,503 77.228
Net energy value 0,513 4,457 6,732
Energy ratio 1.11 1.04 1.08
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= GREET Model used:

80 miles by truck from plant to terminal

520 miles by barge from terminal to
destribution center

800 miles by rail from terminal to
distribution center

25 miles by truck from distribution center
to refueling station
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= Comparison

Transportation

miles by: Corn EtOH Soybean Biodiesel
Truck 80 32
Barge 520 42
Rail 800 232
Truck (distrib) 25 30

= Is this valid?

Could we have a standard distance?
= Would facilitate comparison between fuels
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= Corn coproducts:
Distiller’s dried grains
Corn oil
Corn gluten meal
Corn gluten feed

= Replacement value method

Energy credits are assumed to be equal to
the energy required to produce a substitute
for the coproduct

= Eg. Soybean meal replaces distillers grain, corn
gluten meal and corn gluten feed
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= This method leads to 19% of energy
used to produce ethanol is allocated to

coproducts

Energy allocation Energy use

Energy Coproduct

with coproduct NEV with Energy
Ethanol Coproduct use credit credit coproducts ratio
Percent 00 6 D 1 = | —
Replacement value:
Wet mill 81 19 79,503 14,804 64,699 19,262 1.30
Dry mull 82 18 74,447 13,115 61,332 22,629 1.37
Weighted average 81 19 77,228 14,372 62,856 21,105 1.34

= Compared to the —65% allocated for

soybean biodiesel
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= There iIs wide variability within reported
metrics because:

High variability in data:
= Yields, energy allocation, transportation distances
= Work to coordinate and harmonize
researchers
Develop lifecycle assessment methodologies
Keep data and assumptions transparent

Goal: Develop a transparent, credible
and comprehensive energy analysis
framework
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= Darlene Schuster
= John Carberry
= Dana Dang
= Institute for Sustainability

= Founders Societies Technologies for
Carbon Management
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Inputs Energy Value Sources

Fuel Inputs Low heating value
Diesel (Btu/gal) 128.450 Huo et al. (2008}
Gasoline (Btu/gal) 116.090 Huo et al. (2008)
LP Gas (Btu/gal) 84,950 Huo et al. (2008)
Natural Gas (Btu/cft) 983 Huo et al. (2008)
Electricity (Btu/kWh) 3.412 Huo et al. (2008)

Material Inputs
Nitrogen (Btw/Ib) 22.147 Hill et al. (2006)
Phosphorus (Btu/lb) 3,946 Hill et al. (2006)
Potassium (Btw/1b) 2,565 Hill et al. (2006)
Lime (Btu/lb) 53.72 Graboski (2002)
Seeds (Btu/lb) 1,954 Sheehan et al. (1998)
Herbicide (Btu/lb) 137,263 Hill et al. (2006)
Insecticide (Btu/lb) 139.845 Hill et al. (2006)
Methanol (Btu/lb) 9,768 Elert (2008)
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Life Cycle Efficiency

Inputs percent
Diesel 84.3
Gasoline 80.5
LP Gas 89.8
Natural Gas 94.0
Electricity 31.7
Methanol 67.8

Source: Huo et al_, 2008
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