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Preface, Handbook of Emergy Evaluation

Emergy,spelledwith an"m," is auniversalmeasure of & wealth ofthe work of

nature and society made on a common basis. Calculations of emergy production and
storage provide a basis for making icksabout environmerénd economyollow-

ing the general public polidp maximize realvealth, productionand usgmaximum
empower). To aid evaluations, this handbook proveti#a on emergy contents and

the computations owhich they werebased. Aseries of Foliosare to beissued.

Folio #1 introduces concepts and evaluates the empower of the geobiosphere.

There may be Folios by many authors, who takeirtitiative to make newcalcula-

tions or assemble results from the extenbivedispersed literaturédData on emergy
content are in publishgahpers, bookseports,thesesdissertationsand unpublished
manuscripts. Tabulatingunit emergy aluesand theirbasis isthe main purpose of
this handbook. Presentatiothecument thesources oflata andcalculations. As re-
ceived, Folios will go to reviewers, battkauthors for revisioand back fompublica-

tion. Each will have an index todicate the page ere emergy isvaluated. Each

Folio should be usable without reference to other Folios.

Policy on Literature Review and Consistency

This handbook idbased oremergyevaluations assembledfm variousreports and
published literature plus netables preparetly Folio authors. Oumpolicy is to pre-
sent previous calculations with doeedit and withotichangeexcept thoseequested
by original authors.This means thatnit emergy values in sontablesmay bedif-
ferent from those in othdables. Sometablesmay be morecompletethan others.
No attempt is made to malad the tables consistentExplanatoryfootnotesare re-
tained. The diversity of effortand authorsenrichesthe information available to
users,who can nake changesnd recalculate ashey deemdesirable to bemore
complete, update, or otherwise revise for their purposes.

The increase in glob@&mergybase of referenc® 15.83E24 sej/yr (Folios #1 and
#2) changes all the unit emergy valwdsch directly andndirectly are derivedrom

the value of global annual empowdrwo alternativesare suggested wheuasing the
values from thidhandbookwith previouslypublishedunit emergyvalue: Either in-
crease the older values d@ecreasehe new values by a factor for the change in the
base used.For example, touse unitemergy aluesbased ornthe 1996solar em-
power base (9.44E24 sejlyr), multiply those valuesdy 1.68. Or, multiply the
emergy values othis handbook by 0.60 to keepalueson the older base. -
Howard T. Odum and Mark T. Brown



Introduction to Folio #1

Folio #1 briefly reviews theoncepts ofnergy hierarchynd definitions ofemergy
and related quantitiesEEmergy of someiing is found by summingthe inputs from
the network of onnectinginputs. Thusemergyrequires aview of the surround-
ing system. Energy sgtems diagramare drawn ancevaluated todocument the
source of valuesrpsented. Irthis first Folio main emergy catributions to the
geobiosphere ofhe earth argiven, whichare thebasisfor many other emergy
evaluations. Three recurringnflows are theavailableenergy of thesun, the tide,
and high temperature heat deep in the earth's crust. From these, unit eshergy
are estimatedor globalrain, rivers, wavesand currents. Theon-renewablduels
and minerals now in rapid ugy the human economy acentributirg evenlarger
emergy flows.

Definitions and the Energy Hierarchy

The following paragraphs contain definitions and a brief explanati@mefgycon-
cepts. Amore complete introductions given elsewherdOdum 1996),but unit
emergy values are updated in these Folios.

There is evidence thall energytransformations an be arranged in an ordered se-
ries to form arenergy hierarchyOdum,1988,1996). For examplesmany joules

of sunlight are required to make a joule of fgelyeral joules of fuel tonake a joule

of electric power, many joules of electric power to support information processing in
a university, and so forth. Becawifferent kinds ofenergy arenot equal in contri-
bution, work is made comparable by expressing @aahits of one form of energy
previously reqired. This quantity isEmergy (spelledwith an"m") (Odum, 1986,
1988) and isometimes called "energy memory" (Scienceman, 1987).

Emergy is the availability of energy of one kind that is used up in transformations
directly and indirectly to make a product or service. The unit ofemergy is the
emjoule, a unit referring to thavailableenergy of on&ind consumed inransfor-
mations. For example, sunlight, fuel, electricity, &mhanservice can b@ut on a
common basis by expressing them all in the emjoules of solar energy that is required
for each. In this case the value is a unsgobér emergy expressed igolar emjoules
(abbreviatedsej). Although other units have beerused, such as coal @ules or
electrical emjoules, this handbook expresses all its emergy data in solar emjoules.

On all scalesthe energyhierarchy is anetwork ofinterconnectingenergytransfor-
mations. In this handboakagramsare used to show theputsthat are evalated
and summed to obtain the emergy akaultingflow or storage. All thediagrams
are arranged frorteft to right so that there is moravailableenergyflow on the
left, decreasing to the right with eashiccessivenergytransformation. For exam-
ple, abundantsolarenergy isutilized in transformations teupport asmall amount



of high quality energyf a persorliving on the land. Theleft to right organization
also corresponds to increasing scale of territory and turnover time.

Transformity is one example of a uniemergyvalue and is @fined asthe emergy
per unit energy. For example, if4000 solar emjoulesare required to generate a
joule of wood,then thesolartransformity ofthat wood is 400Golar enpules per
joule (abbreviated sej/J)Transformities increasedm left to right in the energy hi-
erarchydiagrams. Solarenergy is thdargestbut mostdispersedenergy input to
the earth. The solar transformity of the sunlight absorbed by the earth is 1.0 by
definition.

Emergy accompanying dlow of something(energy, matter, information, etc.) is
easily calculated if the unit emergy is known. The flow expressed in its usual units is
multiplied by the emergy peunit of thatflow. For example,the flow of fuels in

joules pertime can bemultiplied by the transformity othat fuel (emergy peunit
energy insolar emjoules/joule). Aflow of emergy is named empower. Emgy

flows in this handbook are in units of solar empower (solar emjoules per time).

The emergy of a storagerisadily calculatedby multiplying the storagejuantity in
its usualunits bythe emergy peunit. For evaluatingflows or storages, values of
emergy/unit make emergy evaluations rapid and practical.

Left-right Energy Systems Diagram

As illustrated inFigure 1, everyenergytransformatiorbox has moreghan one in-
put, including larger energy flows from the left, lesser amounts from urperatiel,
and smallbut important contiting energies fedingback from theright. Thefirst

step in anyevaluation is tadraw the energy syems diagram talentify the inputs
to be evaluated. Itemandflows are arranged fronfeft to right in order oftheir

unit emergy.
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Figure 1. Energy transformationnetwork arrangedvith decreasingnergy from
left to right. The system iaggregated toecognizethat theinputs and all main
components arenecessary toall the other components and presses.
Abbreviations: Atmos. = atmosphereCiviliz. = civilization; Miner. = mineral re-
serves.

In Figure 1, wherall the componentgiteract andare required for the others, the
emergy for alkhe internalpathways ighe same. After millions of years ofself or-
ganization, the heatingansformations byhe sun,the atmospherecean,andland
are organizedsimultaneously tointeract and contribute mutuakinforcements.
Therefore,the energyflow of eachjointly necessary process tee sum of the
emergy uses from the three sources.

Splits and Co-products

Depending on the wathe evaluator aggre¢es the parts arlfocesseghere may
be more than one output from an energy transforming unit. Ieirthy@e case rep-
resented in Figur2a an outputlow "splits" into two flows of the sameind. The
empower idivided but thetransformity andemergy pemassare thesame. For
example, a ater stream iglividedinto two, which are separated fatifferent uses
later. Noticethe way the energywystems diagrantepresents aremergy split

(Figure 2a).
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Figure 2. Compariso_ﬁ of product flowg$a) An output 'Eﬁatsplits; (b) two co-prod-
uct flows.

Oftenthere areoutflows of a differenkind which wecall co-products. For exam-

ple, flows ofwool and mutton produceby the sheepagriculturalsystemare co-
products. As Figure 2buggestsco-productshavedifferent transformitiedecause
they emerge frondifferentstages irthe series oftransformationghat may be ag-
gregatedwithin the systenblock that isevaluated. Co-productsare drawnwith
separate outflow pathways. The emergy is the sameafdr,but the energylows

and transformities are different. Figure 1 is drawn with co-products only (no splits).

Emergy of Storages

To evaluate astoredquantity, it is necessary &um the emergy of each of the in-
puts for thetime of its contribution. Multiply input emergyinflows by the time it
takes to accumulate the storage and exported yield, if any.

When something isgrowing, decreasing, ooscillating, its stored emergyontents
and transformities are changiatso. Where asystem is adequatehgpresented by
a dynamicmodel, an algorithm can kmdded to plothe timesequence of emergy.
Such simulations of emergy are a runnaadculationaccording tothe emergydefi-
nition, summingthe inputs to storagesnultiplying these by their unit emergy, and
subtracting emergy removals.

Evaluations Based on Averaged Inputs

Apparentlyall systems pulsavith time intervalsand pulse strength thatincrease
with scale. To evaluate proces®n one scale oftime andspaceusuallymeans us-
ing averages for each of the inputs from smaltales whkre pulsesare ofhigh fre-
guency. For example, for an evaluation of phenomena osctie ofhumanecon-
omy, yearly averages aoften appropriate. Othis scale weuse averagsolar en-
ergy and averagtdal energy. Forcalculations of globaprocesse®ver alonger
scale of time, wenay use an average miputs fromthe deep earth. Figure 1 can
represent these evaluations, if we ignore the civilization's use of stored reserves.

Thus, for many purposes emergy evaluatemesmadewith averagednputs, a way
to gainevaluation overviews.The result ismergyevaluation as ithe system was
In a steady state. For this procedure an emergy evaluation table is useful.



Preparation of an Emergy Evaluation Table

The calculations of emergy of something are made with an evaluation table. Table 1
iIs an emerg)yevaluation table othe main inputs tothe geobiosphere othe earth
(omitting until later theemergy use fronmon-renewable resources). Thst col-
umn has a numbdor the footnotewith details ofsources of data anzhlculations.
The second column has labels of the infamhs. Thethird columnhas thenumeri-

cal value ofthe input inits usualunits (joules, grams,dollars, individuals, bits, or
whatever). Column 4 has thmit emergy values (emergy per energy, emergy per
mass,emergy per moneyemergy perindividuals,emergy perbit, or whatever).
Emergy of each line item is in Column 5, obtainedntyltiplying column 3(input)

and column 4emergy per uniinput). Atthe bottom is thesum total of emergy
inputs.

Table 1
Annual Emergy Contributions to Global Processes*
(Figure 1)
Note Inputs & Units Inflow Emergy/Unit Empower
units/yr sej/unit E24 sejlyr
1  Solarinsolation, J 3.93 E24 1.0 3.93
2  Deep earth heat, J 6.72 E20 1.20 E4 8.06
3 Tidal energy, J 0.52 E20 7.39 E4 3.84
4  Total - - 15.83

* Not including non-renewable resources (see Table 3)
Abbreviations: sej = solar emjoules; yr = year; E3 means multiplied®y 10

Footnotes to Table 1

1 Sunlight: solar constant 2 gcal®min = 2 Langleyper minute; 70% absorbed;
earth cross section facing sun 1.27 E¥4 m

2 Heat release by crustal radioactivity 1.98 E20 J/yr plus 4.74 E20 Jhflonead
up from the mantlgSclater etal., 1980). Solar transformityl.2 E4 sej/J isfrom
Folio #2 basean an emergyequationfor crustal heat athe sum of emergy from
earth heat, solar input to earth cycles, and tide.

3 Tidal cantributionto oceanic geopotentidlux is 0.52 E20J/yr. Solartrans-for-
mity 7.4 E4sej/J fromFolio #2 following Campbell(1998) is basedn an emergy
equation for oceanic geopotential as the sifiramergy fom earthheat,solar input
to the ocean, and tide.



An evaluation issasy ifthere areeference datan emergy peunit for column 4.
If the table is an evaluation of a storage, the résuitsolar emjouleslf the table is
an evaluation of a product flow, the result is in solar emjoules per time.

Calculating Unit Emergy Values

After a table is prepared that evaluates all the inputs, unit emergy values of products
can be calculated. This is often done in a second t&geexample, in @ble 2 the

solar emergy input total (15.83 E24 sej/yr from Table Hivigled byeach produc-

t's ordinary measure (number jotiles, gramsdollars, individuals, bits, etc.). The

unit valuesthat resultare usefulfor other emergyevaluations. Thusany emergy
evaluation generatagew emergyunit values. For example, Tale 2 calculates unit
emergy values for some main flows of the earth.

Table 2
Emergy of Products of the Global Energy System

Note Product andUnits Emergy* Production Emergy/Unit

E24 sejlyr  units/yr sej/unit
1 Global latent heat, J 1583 1.26 E24 12.6 sej/d
2 Global wind circulation] 15.83 6.45 E21  2.45 ES8ej/J
3 Global precipitation on land, g 15.83 1.09 E20 1.45 ES5 sej/g
4 Global precipitation on land, J 1583 5.19E20 3.1 E4ej/d
5 Average river flow, g 15.83 3.96 E19 4.0 E5 sej/g
6 Average river geopotential, J 15.83 3.4 E20 4.7 E4ejld
7 Average river chenenergy, J 15.83 1.96 E20 8.1 E4ej/J
8 Average waves at thghore, J 15.83 3.1 E20 5.1 E4ej/J
9 Average ocean current, 15.83 8.6 E17 1.84 EBej/d

* Main empower of inputs to the geobiospheric system from Table 1 not including
non-renewable consumption (fossil fuel and mineral use).

Footnotes to Table 2

1 Global latent heat, evapotranspiration 1020 mm/yr,
(1020 mm/yr)(1000 g/#imm)(0.58 kcal/g)(4186 J/kcal)(5.1 E14m



= 1.26 E24 Jlyr.

2 Global wind circulation, 0.4 wattsthfWiin-Nielsen and Chen, 1993)
(0.4 Jind/sec)(3.15 E7 seclyr)(5.12 E14tearth) = 6.45 E21 J/yr

3 1.09 E11 Rlyr (Ryabchikov, 1975)
(1.09 E14 m)(1 E6 kg/rd) = 1.09 E20 glyr

4 Chemical potential energy of rain water relative to sea water salinity
(1.05 E20 g/yr)(4.94 J Gibbs free energy/g) = 5.19 E20 J/yr

5 Global runoff, 39.6 E3 kityr (Todd, 1970)
(39.6 E12 m/yr)(1 E6 g/nd) = 3.96 E19 glyr

6 Average river geopotential work; average elevation 875 m.
(39.6 E12 M/yr)(1000 kg/n®)(9.8 m/sed)(875 m) = 3.4 E20 Jiyr

7 Chemical potential energy of river water relative to sea water salinity
(3.96 E19 g/yr)(4.94 J Gibbs free energy/g) = 1.96 E20 J/yr

8 Average wave energy reaching shores, (Kinsman, 1965)
(1.68 E8 kcal/m/yr)(4.39 E8 m shore front)(4186 J/kcal) = 3.1 E20 J/yr

9 Average current: 5 cm/sec (Oort et al., 1989); 2 year turnover time
(0.5)(1.37 E21 kg water)(0.050 m/sec)(0.050 m/sec)/(2 yr) = 8.56 E17 Jlyr

2. Emergy Budget of the Geobiosphere

The examplaused to introducéhe emergyevaluation tableand the procedure for
calculatingunit emergy valeswas theannualbudget of emergylow (empower)
supporting the geobiosphere (atmosphecean, anckarthcrust). Table lincludes
emergy of themain inputs tathe geobiosphere ahey existedbeforethe develop-
ment of civilization. The maininputs includethe solarenergy,the tidal energy, and
the heat energy from the deep earth. Badluatedhere are othemputs from
spacethe high energyradiation of solaflares, cosmicrays, meteoritesind stellar
dust. Allof thesevary with oscillationsand pulses,and their emergy alues vary
with intensities of these inputs.

Temporary Emergy Inputs to the Geobiosphere

In the lasttwo centuriesthe productiorand consumptionprocesses othe human
civilization has reached scalewith global immct by usinghe largeemergy in the
geologicstores offuels and minerals. Becausdhese storages abeing usednuch
faster than they are being generated in geologites,they areoften callednon-re-




newableresources. Thewre actually very slowly-renewedresources. dble 3
summarizegheseadditionalcomponents of thglobal emergy budgetsing esti-

mates from Brown andllgiati (2000). Theevaluationsof thesenon-renewable
emergy flows usedtransformitiesthat werebased orthe global enpower base of
9.44 E24sejlyr. For usewith the globalempowerbase 15.8F24 sej/yr, multiply

by 1.68.

Table 3
Annual Emergy Contributions to Global Processes
Including Use of Resource Reserves*

Note Inputs & Units Inflow Emergy/Unit#  Empower
Jiyr sej/unit E24 sejlyr

1 Renewable inputs -- - 9.44

Nonrenwable energies released by society:

2 Oi,J 1.38 E20 5.4 E4 7.45

3 Natural gas (oil eq.), J 7.89 E19 4.8 E4 3.79

4  Coal (ol eq.),J 1.09 E20 4.0 E4 4.36

5  Nuclear power, J 8.60 E18 2.0 E5 1.72

6 Wood,J 5.86 E19 1.1 E4 0.64

7  Sails, J 1.38 E19 7.4 E4 1.02

8 Phosphate, J 4.77 E16 7.7 E6 0.37

9 Limestone, J 7.33 E16 1.62 E6 0.12

10 Metal ores, g 993 E12g 1.0 E9sej/g 0.99

Total non-renewable empower - -- 20.46

Total global empower -- - 29.90

Abbreviations: sej = solar emjoules; yr = year; E3 means multiplied by
103; t = metric ton; oil eq. = oil equivalents

* Modified from Brown and Ulgiati (2000) using global base 9.44 E24 sejlyr

# Values of solar emergy/unit from Odum (1996);

Footnotes for Table 3

1 Renewable Inputs: Total of solar, tidal, and deep heat empower inputs from
Odum (1996).

2 Total oil production = 3.3 E9 Mt oil equivalent (British Petroleum, 1997)
Energy flux = (3.3 E9 t oil eq.)(4.186 E10 J/t oil eq.) = 1.38 E20 J/yr oil equivalent

3 Total natural gas production = 2.093 E3 (@ritish Petroleum, 1997)
Energy flux = (2.093 E12 #)(3.77 E7 J ) = 7.89 E19 J/yr



4 Total soft coal production = 1.224 E9 t/yr (British Petroleum, 1997)
Total hard coal production = 3.297 E9 t/yr (British Petroleum, 1997)
Energy flux = (1.224 E9 t/yr)(13.9 E9 J/t) + (3.297 E9 t/yr)(27.9 E9 J/t)
=1.09 E20 Jlyr

5 Total nuclear power production = 2.39 E12 kwh/yr (British Petroleum, 1997).
Energy flux = (2.39 E12 kwh/yr)(3.6 E6 J/kwh)
= 8.6 E18 J/yr electrical equivalent

6 Annual net loss of forest area = 11.27 E6 ha/yr (Brown et al., 1997)
Biomass = 40 kg # 30% moisture (Lieth and Whitaker, 1975)

Energy flux = (11.27 E6 halyr)(1 E42ta)(40 kg m)(1.3 E7 J/kg)(0.7)
= 5.86 E19 J/yr

7 Total soil erosion = 6.1 E10 t/yr (Oldeman, 1994; Mannion, 1995)
Assume soil loss 10 t/ha/yr and 6.1 E9 ha agricultural land = 6.1 E16/g/yr
(assume 1.0% organic matter), 5.4 kcal/g

Energy flux = (6.1 E16 g)(.01)(5.4 kcal/g)(4186 J/kcal) = 1.38 E19 J/yr

8 Total global phosphate production = 137 E6 t/yr (USDI, 1996)
Gibbs free energy of phosphate rock = 3.48 E2 J/g
Energy flux = (137 E12 9)(3.48 E2 J/g) = 4.77 E16 Jlyr

9 Total limestone production = 120 E6 t/yr (USDI, 1996)
Gibbs free energy phosphate rock = 611 J/g
Energy flux = (120 E12 g)(6.11 E2 J/g) = 7.33 E16 Jlyr

10 Total global production of metals 1994: Al, Cu, Pb, Fe, Zn (World Resources
Institute, 1996): 992.9 E6 t/yr = 992.9 E12 g/yr

In year 2000 the emergy contribution through the hupnalization to the geobio-
sphere from thelowly renewed resources ggeater tharall the inputs beforethe
industrialrevolution. Asymptom of the surge of temporary emeigfjow is the
carbon-dioxide accumulation the atmosphere thaauseggreenhouseffectsthat
change the pattern amtensity ofweather. Emergy of smething measures what
went into it from whatever sourc&Vhether theséemporary emergynputsshould
be included irthe tabledor evaluation ofthe geobiosphere depends the scale of
consideratiorand whether the temporamyputshave becomeoupled tothe pro-
cess under study.

3. Discussion of Unit Emergy Measures

Folios of this handbook provide unit emengglues fom previousevaluations. For
these numbers the evaluation diagrams and tablgsaneled sahat users can see



the basis. Previous calculations can aid users making similar evalu&@oms,like
those inthis Folio,are basean large scale globakystemsput others maydeter-
mine values for theame productby evaluating asmall scaleexample. In general,
lessemergy/unit igequired to make amall product than to maka larger one of
the same kind. Transformity is a measure of the scale of energy convergence.

This handbookmainly presentdransformitiesand otherunit emergymeasures as
observed ireal systems. Emergy andransformity aremeasures obpen thermo-
dynamic systemsEnergytransformation sstemsmay operate atlifferent speeds
accordingto the output input loading. The greaterloading and slower speed the
higher theefficiency. However, powermutput ismaximum for a moderatenter-
mediateefficiency, neither adast aspossiblenor asloaded agpossible(Odum and
Pinkerton, 1955).

According to Lotka's maximum powerinciple (1922)self organizing systems de-
velop designgthat maximizepower. Partridg€1975,1978, 1981) and Obrien and
Stepheng1995) find evidencethat the atmosphere operats maximumpower.
Engineersusually design mechanicahnd electrical sgtemsfor maximum power
output. Emergy anttansformities of sstemsthat have been isuccessfubpera-

tion for a long time are appropriate for evaluations intenddiddahe besipossible
contribution consistent with competitieperation. Transformitiesobserved irsuch
systems may approach the most efficient possible for maximum power conversions.

Transformity

Transformity is a kind oé&fficiency measure, since relates alkthe inputs to an out-
put. Thelower thetransformity themore efficient the conversion. Ifollows from

the secondaw that there is someninimum transformity which is consistentvith
maximum power operations. We don't have a wagatoulate thispbut we can use
the lowesttransformityfound inlong-operating systems as an approximation. If a
transformity is used testimate the #oreticalpotential ofsomesystem, it is appro-
priate to use the best (lowest) transformity known.

On the other hand, tevaluatesome reakystem, arobservedtiransformity for a
similar system can be used. Newly designed systems may notfieiest asthey
will become with further trial and error selection. In eitbaseusers may beom-
fortable in using values from processes similar to those which they study.

Sometimes vaksare calculatedrom proposedsystems, anmportant way to ap-
praise a system before it is actually constructed and operateléa\Byg out neces-
saryinputs or being inaccurategarding what is required, sutheoreticalcalcula-

tions of unit emergy values may be too high or too low. Yet#heulationmay be

valuable to others, especially where other evaluations are not available.

Emergy per Unit Money
Money ispaid to peopldor their services;they use it to buyreal wealth. The
amount ofwealththat money buyslepends on thamount of emergyupporting




the economy and the amount of moreagulating. Anaverage emergy/money ra-
tio in solaremjoules/$ can bealculated by dividinghe totalemergy usef a state
or nation byits grosseconomicproduct. It \aries bycountry and gegrally de-
crease®ach year.This emergy/money ratio igseful for evaluating servicenputs
given in money units where an averaggge rate ippropriate. Large andspecial
service inputs such as information inptdsa university by peoplenay neecevalu-
ation with transformities appropriate for each level of education.

Emergy per Mass

Solids may be evaluated best withtal on emergyer unitmassfor its concentra-
tion. Because energy is requirecctmcentrate materials, thieit value ofany sub-
stance increases with concentration. Elemants compounds not abundant in na-
ture thereforehave higheremergy/mass ratios weh found in concentrated form
since more workwas required taoncentrate them, botspatially and chemically.
High grade ores or diamonds are an example of highly concentrated matter.
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