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Emergy Evaluation of Energy
Alternatives

Net Emergy, Emergy Yield Ratio, Energy
Return on Energy Invested (EROEI)



Net Energy...

A reminder... S| multiples for joule (J)

Submultiples Multiples
Value Symbol Name Value Symbol Name
107) dJ decijoule | 10'J daJ @ decajoule
1072 cJ centijoule 10% J hJ hectojoule

10°J mJ  millijoule 10°J kJ | kilojoule

10%J W microjoule 10°J MJ megajoule

10°)J nJ nanojoule 10°J GJ | gigajoule
10'2) pJ  picojoule 10'2J TJ | terajoule
10°1°J  fJ  femtojoule  10'°J PJ | petajoule
1078y aJ attojoule | |10'8J  EJ exajoule

1021y  zJ  zeptojoule [1021J ZJ | zettajoule
1024) yJ | yoctojoule [102*J| YJ | yottajoule

Common multiples are in bold face




Characteristic yield from nonrenewable
resources




M.King Hubbert s Blip

“Reality is merely an illusion, albeit a very
persistent one.” Albert Einstein




Peak Oll...

“My analyses are based upon the simple
fundamental geologic fact that initially there was only
a fixed and finite amount of oil in the ground, and that,
as exploitation proceeds, the amount of oil remaining
diminishes monotonically.”

M.King Hubbert

Peak oil 2000

Peak oil 1991 or 92




Trillion kwh per year

The Epoch of Fossil Fuel Exploitation

(after Hubbert, 1969)
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Peak Oll...

Association for the Study
of Peak Oil&Gas
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Characteristic yield from nonrenewable
resources

High Net Yields

Declining net
yields

NonRenewable
Resource




Peak Oll...

Global politics for the next two decades...




1st Law of Thermodynamics

Energy cannot be created or destroyed

/ Interaction = Energy Transformation \

All energy is accounted for...

\\ Used energy i108 J /




2nd Law of Thermodynamics

In all real process (transformations), some
energy loses its ability to do work

We sometimes speak loosely
of energy being “used up”
whereas what is really meant
is that the potential for driving
work is consumed, while the
calories of energy inflows and
outflows are the same.




Net Emergy. . .emergy costs of obtaining energy

When the energy cost of
recovering a barrel of oll
becomes greater than the
energy content of the oil,
production will cease, no
matter what the monetary

price may be.
M. K. Hubbert




EYR Defined...

Emerqy vield ratio. The ratio of the emergy yield from a process
to the emergy costs. The ratio is a measure of how much a
process will contribute to the economy.

Yield (Y) =R+N+F

EYR=Y

Yield (Y) = R+N+F
Emergy Yield Ratio = Y/F
F Emergy Investment Ratio = F/(R+N)
Environmental Loading Ratio = (F+N)/R
Empower Density = (R+N+F)/area




Emergy Yield and Extractive
Industries

N
Product

NonRenewable
Resource




Emergy Yield and Extractive
Industries

Infra-
' Structure

e - - - - -—-
o8y
H | Product

NonRenewable
Resource

mib 2017
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Emergy Yield, Y =NR + F
Emergy Yield Ratio, EYR = Y /F




Emergy Yield
Ratio of Coal

$1.68

b

A —
Mining & 10E09J
Transport 77.7 E12 sej

Flows = E12 sej

EYRw/outL& S = 74.3 E12 sej @
17.3 E12 sej

EYRW/L&S= 77.7 E12 sej
10.7 E12 segj




Emergy Yield Ratio
of Crude Qil

Exploration & 1.0E09J
Production 1540 E1 2 Se]

Flows = E12 sej

EYRw/outL& S = 142.6 E12 sej @
10.4 E12 se| e
EYRW/L&S= 154.0E123ej
21.8 E12 sej




Emergy Yield Ratio
of Natural Gas

$3.00

<k it

—>
Exploration & 10E09J
Production 161.1 E12 sej

15.8 E12 sej

EYRW/L&S=_161.1 E12 sej
218 E12 sej




Summary of Emergy Yield
Ratios of Fuels

Without Labor & Services \

Fuel at "WellHead"

Fuel Type EYR (w/out L & S)
Soft Coal 6.2/1
Hard Coal 10.2/1
Crude Oil 13.7/1

Natural Gas 9.9/1 /




Summary of Emergy Yield
Ratios of Fuels

With Labor & Services

Fuel at "WellHead"

§

Fuel Type EYR(w/ L&S) Cost/ E9J

Soft Coal 4.8/1 $1.50
Hard Coal 7.0/1 $1.68
Crude Oil 7.0/1 $5.72

!\latural Gas 7.4/1 $3.00

4




EYR of Refined Crude OiIl
into Gasoline

p

e e

i3 Gasoline

: OXIX
1.0E09J :
154.0 E12 sej k \/ / Refining ,J’,l“' 1.0E09J
'8 i 193.8 E12 sej

Flows = E12 sej

EYRW/ L&S= 154.0E12sej EYRW/L&S= 193.8E12se)
21.8 E12 s¢gj 61.6 E12 s¢)




EYR of Refined Crude OiIl
into Gasoline and after
Retail Sale

129 2

i P B
Y 1.0E09J x Ref 2 E =
ct 154.0 E12 sej elining 1.0E09J :
Production 1 I 193.8 E12 sej 216.2 E12 sef
5 / EYRwout L&S= 171.1E12se] = 44/1 EYRwOutL& S = 1?82E125L
5€y

EYRwoutL&S= 1426E12s /
10.4 E12 389 E12 50)
EYRW/L&S= 1540E12se 7 / EYRwW/L&S= 1938E12se| = 3.1/1 EYRWL&S= 216.2E12se
21.8 E12 o) 61.6 E12 50) 76.9 E12 56]




EYR of Thermal Electricity
Generation

R Production, | CTT_/ Eectricity 5
e R.efmng&Tvanspoy . '-3:"'3\ Generation

Flows = E21 sej

EYRwiout L& S = 121.8E21se] _115/1
10.6 E21 se]

EYRwW/L&S= 1334E21sef —60/1
222 E12 sej




EYR of CdTe Photo Voltaic

) _Production,

Mineral Ores Refining & Transport

&
Fossil Fuels
Flows = E12 sej

EYRwiout L& S= 3819E12se] _16/1
234.6 E12 sej

EYRW/ L&S= 6374E12se] - 13/1
409.2 E12 sej

EYRwoutL& S =

EYRW/ L&S=

403.0 E21 s¢
se]

1378.0 E12
0.0

0

S€;

Electricity = 1.6 E10J

1378.0 E12 sej




Net Emergy...

EXPLORATION

EXTKACT ION

PRODUGTION

‘p

B

TRANSPORTATION

We believe that to
maintain society’ s
current level of
infrastructure and
information
processing, a
minimum net emergy
of about 4/1 is
required.



N et E me rgy . « « CONventional sources

All declining...




N et E me rgy . « « SO called renewable sources




James Duncan
Mark KaliVOda " Eb5 6007 Carnto Ethand, per ha per year
Andres G. Mirabal — . : : - B oo

a \alue
Note ftem (Unitshr)  (sejiunit)  (E13 sejyr) (1984 $Ar)

Brad ~ ~ alker < - ?ENE;::.BLE RESOURCES J 451E+13 5 11
S o |2

1 5
Rain 630E+10  3.02E404 191 473

Christopher Zeier o

ain J
Sune of free inpuits (sun, rin omitted)

B51E+10 2506404 168 418
1136410 1.24E405

Purchased Irputs
Operational inputs- Com Field
5 Diesel Fuel J .| 11E+05
6 Agrcuttural Machinery q 5 1.12E+10
7 Pesticides < 2.52E+10
Labor J 4 4.45E406
Senices 4.03E+12
o | 2 0 Seeds 0 0.00E+00
l Lime g 2 1686400
Phosphate Fertiizer g 6 6556400
3 MNtrogen Fertilizer 05 6.38E+09
( | as S.06E404 3316
15 Drying Facility 5 1.00E+12 150.0000

A | = Trarsport
p—— Diesel Fuel J 3 1.11E+05 36.5004
Labor 1.00E+12 2.6000
S Equipment 100E403  100E+1Z  100.0000

Heondalt

Corn-to-Ethanol Emergy Analysis

o Annual Capital Cost and Services
o Operation & Maintenance Labor
o Process and Cooling water

o Electricity

o Gasoline

o Ammonia

o Lime

m Steel
3-Cx ke

m Equipment-Transport
m Labor-Transport

o Diesel Fuel-Transport
0 Drying Facility

m Natural Gas

m Nitrogen Fertilizer

o Phosphate Fertilizer
m Lime

Emergy (E13 sejlyr)

EYR =1.37 \ /

168 ——» @ Soacs

m Potassium Fertilizer
o Labor-Field

o Pesticides

Note: All values are E13 sejly! m Agricultural Machinery
Transport  Processing |2 Diesel Fuel-Field

Emergy Yield Ratio = Y/F = 1137428 = 1.37 Purchased Inputs




BioDiesel...

Sean King
Thiago Romanelli
Rogerio Amoeda

Tom Sentner

ation.for.soybean.production.

Units

Data

Emergy/Unit

Emergy (E12 sejlyr)

Ryan Brady

Tyler Nesbit

1.17E+10

il

3.60E+10

Irrigation water

9.39E+09

Nitrogen

1.11E+04

Phosphorus.

3.48E+04

Potash

5.93E+04

Fossil Fuels:

1.18E+09

Herbicides

4.56E+03

Seeds.

7.04E+04

2.00E+04

C9E+07

9.29E+06

Table 3

Emergy-evaluation-of crude soybean oil extraction -precess

Note

liem

Units

Data

Emergy/Unit

Emeragy

(E12-sejlyr)

Crushing-Inputs

17
18
19
20
21
22
23
24

Soybeans
Electricity
Foss
Steam
Hexane
Labor
Machinery
Water

Fuels

G LW GGGy

2.31E+06
5.60E+08
2.97E+09
2.4BE+09
5.30E+03
2.31E+05
4 41E+04
4.32E+04

5.70E+09
7.48E+06
1.13E+10
3.06E+04

9760.84
195.35
32967
112.42

30.72
1.73
498.33
0.00

Agriculture
Outputs
13 Soybeans

Crushing Outputs
25r Crude -soybean oil

2 31E-06 3.92E+05 2.79E+10 10929.06

o

34 7

9.07E+03

70E+09
70E+09
70E+09
70E+09
13E+10
13E+10
94E+00

Sodium hydroxide

[Sa Rl by}

Table 2 - Emergy-evaluation-for-transported soybeans
Units

1.
1.
162.4
192.68
47.01
89.72
168.33

ltem Data
Transport Inputs
Soybeans
Truck fransport-1

Note
Bean
14
15
Bean T
16

e ——— e Lot =0T B8 V1) A : "o
41 Biodiesel ¢ 3.78E+05
A . n C"‘E”:""

Emergy/Unitc Emergy-(E12-sejlyr)

4.11E+(
1.62E+12

9498.40
262.44

g 2.31E+06
mton-mile 1.62E+02

ransport Outpuis
Soybeans

“ = o,

2.31E+06c 4 23E+09

9760.84

317E+10
1.49E+11

11962.12
11992.12

e ol

Table 4---Emergy-evaluation-for-transported -crude -soybean oil
Note liem Units Data Emergy/Unit

Emergy (E12-sejlyr)

Oil Transport-Inputs
Crude-soybean-oil

10929.08
L2.44 Value Unit
4821.10c E12-seyhalyr
7171.02c E12-sejhalyr

1199212 E12 se)halyr

49

fhvironmental .'oaa’.‘.'p
emergy sustainabiiity- indexNTY/F)(F

Net yield (Y/F) =5

W)=




Biomass to Electricity...

E. Campbell,
J. Fleischman,
. For-complete -table see-appendix - 1, table 5.
M' MaaSCI()ne’ Renewable Emergy‘ Invest.
B. BCCkCI’ Co-fired Plant (30 MW from biomass)
> Wood Production Stage 93E+19 T74E+19 227E+04

K. Smith
Chipping/Transportation 0 438E+19 3.20E+04

Power Plant 0 1.99E+19 181E+05

Biomass Plant (220 MW from biomass)
Wood Production Stage 546E+20 4.54E+20 2.27E+04

Chipping/Transportation 0 5.54E+20 4.27E+04 1.85

Table 3: Emergy gs?-for three -combustion -electricity - pli Power Plant 1.99E+19 1.74E+05 1.83
% renew NRR -

RAR+N+F) (N+F)/R N)

30 MW Biomass 0.54 0.84 0.84

Plant Type:

220 MW Biomass 0.45 1.21 1.21
1280 MW Coal® 0.09 10.36 1036

R= ~ v
&h
By

17151 5¢

E1G 3qire

Biomass to-Electricity, 3C MW




Net Emergy...

Emergy Yield

Calculation Points

Ratio of willow g_ @
biomass is Mg
barely 1/1 @

L=

1{Goods &
Services
ll 244 '
‘ ll':m l' '
‘ Willows Chlp & 715
|

Wood Transport Chips to User
|

x 1012 Solar emcal / ha / yr

Net Emergy Yield Ratio 1.43

Emergy Investment Ratio 2.35




Net Emergy...

Emergy Yield
Ratio of
Sugarcane to
Ethanol

Data from Pimentel & Patzek 2007

<!

‘ cut Distillati
‘ Transport Istiflation

Total Inputs = 3406x 10

—>

x1012seJ/1000liters

Sej/1866
EYR = 41 50/340




Net Emergy...

Net Emergy of Non Renewables

20 -

18

16

Energy Yield Ratio

Energy Yield Ratio

Net Emergy of Renewables




Decreasing Emergy Yield Ratio of energy
resources (USA)

Weighted Total EYR

...EYR of both
renewable and
non-renewable
sources

o
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Environmental contributions to electric

> a

generation systems

Percent of Total Inputs

Purchased G&S
B Nonrenewable
M Renewable
o L C) N

N
2>
&

& & ©




Direct environmental contributions to
Bioenergy systems

Percent of Inputs

Purchased G&S
B NR Fuels
B Renewable

Sorghum - Sugar Cane - Biodiesel Corn-EtOH
EtOH EtOH




Direct & Indirect environmental contributions
to Bioenergy systems

100%

90%

80%

70%

60%

50%

40%

30%

20%

10%

0%

Sugar Cane - EtOH

Percent of Inputs

Biodiesel

Purchased G&S
B NR Fuels
M Indirect Renewable

M Direct Renewable

Corn-EtOH




Net Emergy...

An important fact of life....

As the Net Emergy declines, the amount of
energy used to accomplish the same
amount of end use (eg miles driven) |
increases. .. SR g

At 5/1 compared to 10/1

You can drive half as far
for the same emergy
investment




Giampietro, et.al 2003 ...

Feasibility of Large-Scale
Biofuel Production

Does an enlargement of scale change the picture?

Mario Giampietro, Sergio Ulgiati, and David Pimentel

iofuels are widely seen as a
feasible alternative to oil. In-
deed, in 1995 the Clinton Ad-

ministration proposed amendments
to the Clean Air Act that would re-
quire gasoline sold in the nine most
polluted US cities to contain addi-
tives from renewable sources, such
as grain alcohol. This move, even if
blocked b)’ a thrt'c-judgv p‘.lllt‘l of the
US Court of Appeals in Washington,
DC (Southerland 1995}, has helped
to focus attention on the L|uc~.tiun of
whether research and development
in biofuel production from agricul-

Large-scale biofuel
production is not an
alternative to the current
use of oil and is not even
an advisable option to
cover a significant

fraction of it

for fossil fuels. Common examples
are ethanol, methanol, and biodiesel.
Ethanol alcohol can be obtained by
yeast- or bacteria-mediated fermen-
tation of sugar crops, such as sugar-
cane, sugarbeet, and sweet sorghum,
or of starchy crops, such as corn and
cassava. It can also be obtained, al-
beit at lower yields, from cellulose, a
sugar polymer from woody crops,
through acid or enzymatic hydroly-
sis followed by fermentation. Metha-
nol can be obtained from wood or
woody crops by means of a wood
M c )yl D o -




Giampietro, et.al 2003 ...

Table 1. Typical biofuel production systems from agricultural crops.

Ethanol in
Ethanol in (sub)tropical
Indicators of performance Biodiesel® temperate arcas  areas

Gross energy yield (G] - ha' - yr) 20-40 4()—8() 80"-130¢

Net energy yield (G] - ha™' - yr') <0-10 50b-70¢
Output-input energy ratio w
Net to gross ratio (F*/F1) <(0-0.2 T, 66"-0.60¢
Water requirement (t - ha™ - yr') 4000-7000 4()0()—.‘»()()() 10,000~15,000¢
Energy throughput (net MJ/h) <0-250 <0-1000 250°=1600¢

Best-performing system oilseed r: sugarcane
Land requirement (ha/net GJ) w
Water requirement (t/net GJ) 500 200"-200¢
Labor requirement (h/net GJ) 4 I 4"—-0.6

“Trans-methylester from oil seeds (sunflower, rapeseed, or soybeans). Sunflower and soybean
systems have net energies close to or less than zero.

"Low-input production, as in the Brazilian ProAlcohol Project {(Giampietro et al. 1997a).
‘High-input production, as reported in Pimentel et al. {1988).




Giampietro, et.al 2003 ...

Water...

Table 1. Typical biofuel production systems from agricultural crops.

Ethanol in
Ethanol in (sub)tropical
Indicators of performance Biodiesel® temperate arcas  areas

Gross energy yield (G] - ha' - yr) 20-40 40-80 80b-130¢

Net energy yield (GJ - ha™' - yr') <0-10 <0-30 50670
Output-input energy ratio 0.6-1.3 0.5-1.7 3.05-2.5¢

Net to gross ratio (F*/F1) <(0-0.2 <0-0.4 0.66"-0.60¢
Water requirement (t - ha™ - yr') 4000-7000 4000-8000 10,000°-15,000¢
Energy throughput (net MJ/h) <0-250 <0-1000 250°=1600¢

Best-performing system oilseed rape corn-sorghum sugarcane
Land requirement (ha/net GJ) 0.10 103 020-0.014¢
Water requirement (t/net GJ)

Labor requirement (h/net GJ) 4

“Trans-methylester from oil seeds (sunflower, rapeseed, or soybeans). Sunflower and soybean
systems have net energies close to or less than zero.

"Low-input production, as in the Brazilian ProAlcohol Project {(Giampietro et al. 1997a).
‘High-input production, as reported in Pimentel et al. {1988).




Water...

Using the numbers in the previous table...
FL Transportation energy = 9.5 E17 J/yr

FL water consumption = 11.3 E 12 l/yr

Waltzegr Sequired for ethanol from sugarcane = 200t/net GJ = 2 E5

95E17 J/iyr *2E51=1.9 E 14 liters of water
1.0 E9 J/ha

This is almost 17 times current total water
consumption in the State!!!



Water...

Lower estimate...(process water only)

Using current estimates of water requirements for
ethanol from sugarcane...

FL Transportation energy = 9.5 E17 J/yr
FL water consumption = 11.3 E 12 l/yr

Water required for ethanol from sugarcane = 30t/net GJ = 3
E41/1 E9J

95E17 J/iyr *3E41=2.9 E 13 liters of water
1.0 E9 J/ha

...almost 2.5 times current total water .
consumption in Florida!!  |



Land...

Renewable Ethanol...? LAND

Using current Florida sugarcane production per
hectare (70 GJ/ha)

FL gasoline consumption = 9.49 E 17 J/yr

949 E 17 J/lyr =1.35 E 7 ha of land
70 E9 J/ha

Florida LAND Area = 1.4 E7 ha

\
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