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moreindescribedisthatquantityotheronsThere’
.gyenerthanunitsferentdif

UNITSALGLOBatt-yearsteraW,quads,xajoulese•
,oilofbarrels,TNToftons,coaloftonnes•

UNITSSTRENGTHINDUSTRIALhoursattkiloW,therms

UNITSIZEDSHUMANkilocalories,BTU•
UNITSSIZEDCHILDJoules,foot-pounds,calories•
UNITSORLDWOMICRoltselectron-V,gser•

SNITURGYNEE•
SNITUREOWP•

Units of Energy and Power
1 electron volt (eV)

   

1.602 x 10-19 J

1 eV per molecule 96.49 kJ mol-1

1 erg 10-7 J

1 foot pound 1.356 J

1 calorieIT* (calIT) 4.1868 J

1 calorieth* (calth) 4.184 J

1 BTUIT* 1.055 kJ

1 kilocalorieIT* (kcal)

or CalorieIT* (Cal) 4.1868 kJ

1 kilowatt-hour (kWh) 3.6 MJ

1 cubic meter natural gas 36 MJ

1 therm (U.S.) 105.5 MJ

1 tonne TNT (tTNT) 4.184 GJ

1 barrel of oil equivalent 5.8x106 BTU 6.118 GJ

1 ton of coal equivalent 7 GcalIT 29.3076 GJ

1 ton of oil equivalent 10 GcalIT 41.868 GJ

1 quad 1015 BTU  1.055  EJ

1 terawatt-year (TWy) 31.56 EJ

1 watt (W) 1 joule/sec

1 foot pound per second 1.356 W

1 horsepower (electric) 746 W

1 ton of air conditioning 3.517 kW

� definition * th thermochemical
� four significant figures * IT  International Table
� actual value varies
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†SNITUHTGENTRSIALRNDUSTI

NITU ALENTUIVEQSI PHYSICALETIMAXOPPRA
ICANCESIGNIF

HWK1 J610×6.3≡
THERM J810×055.1≈ BTU510

F◦100O2Hoflb1000Raise

BTUMILLION J910×055.1≈
TNTONT J910×184.4≡ chemicalApproxDefinition.

TNToflb2000ingyener

OILOFARRELB J910×12.6∼ BTU610×5.8Definition:
oilofliters159∼ofgyener

LAOF CE ONNOT J1010×9.2∼ GCal7Definition:
coalofkg1000ingyEner

accidentannot—J910tocloseareunitsymanwhoNotice
later!)(seeorkwofyearhumanonetoclose—

†SUNITZEDISLDIHCANDDESIZUMANH

NITU TLENAVIUEQSI HYSICALPETIMAXOPPRA
CANCEISIGNIF

RIEOCAL1 J1868.4≡ heattoneededgyEner
C◦O 12Hmar1 g

LB-FT1 J356.1≈ ootf1poundoneftLi
ityvgrasearth’tagains

UT1 B J310×055.1≈ morO f2b H1 ltaeH
atmoneat◦16to◦60

1 C ORIEAL J310×1868.4≡
ORIEOCALILKOR

SNITUDRLOWOICRM

NITU TLENAVIUEQSI CANCEISIGNIFHYSICALP
GER J7−10≡ dyne-cm1≡2ecm-cm/sg1≡tunicgs

VE J19−10×602.1≈ tlovonehroughtronecteloneevMo

gerandoltvelectrontheonMore

Coulombs19−10×602176462(63).= 1electron1ofgeChar•
V” = 1 eolt“electron-v1=oltV1×ge)char(electron1

Joules19−10×602176462(63).= 1V1 e

eV2.5islightgreenfo)hν=E(quantumsingleaofgyEner•
†gflop/er36∼siyficiencefcomputerrecordPresent•

kJ/TFlop2.78iswhich

Llue-Gene-Batslis/tmengeaMan-rojectselinemag.com/c/b/P.bashttp://wwwitewebs500”Green“The†

2007nieromputcentcififetosmehtas,BGab,LurybresaDaterupercomputs

SNITURGYNEE
,�†SNITULABLOG

definitionasit’means≡†

figuressignificant4toenvigsit’means≈
.usedoftenisaluevquotedaries,valuevActualalue.v“nominal”asit’means∼

siteebWnistratioinmdAnatiomrofnIygerEnDOES.U.moFr�

NITU ALENTUIVEQSI UMANH2005
ONSUMPTIONC

(EJ)OULEJXAE J1810≡ EJ488
)DAQU(BTUDRILLIONAUQ J1810×055.1≈ quads463

HOURS-TTAWILOKRILLIONT J1810×6.3≡ TkWh136
)YR(TWYEARS-TTAWERAT J1810×54.31≡ yrTW14.5

EJ488(2005)consumptiongyEnerotalTorldW
EJ190barrels910×31.0(2006)consumptionOilorldW
EJ56.5TkWh15.7(2005)consumptionElectricityNetorldW
EJ106quads101(2005)consumptiongyEnerotalTS.U.
EJ42barrels910×6.9(2006)consumptionOilS.U.
EJ10.1TkWh2.8(2005)consumptionElectricityotalTS.U.
EJ30.0quads28.4consumptiongyenerransportationTS.U.
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†SUNITZEDISLDIHCANDDESIZUMANH

UNIT SI EQUIVALENT APPROXIMATE PHYSICAL

SIGNIFICANCE

1 CALORIE ≡ 4.1868 J Energy needed to heat
1 gram H2O 1 ◦C

1 FT-LB ≈ 1.356 J Lift one pound 1 foot
against earth’s gravity

1 BTU ≈ 1.055 × 103 J Heat 1 lb H2O from
60◦ to 61◦ at one atm

1 CALORIE ≡ 4.1868× 103 J
OR KILOCALORIE

18



8.21 Lecture 2:  Units and the scales of energy use

A tour of the energy landscape
CO2 and other greenhouse gases
Common sense and computation 

The Basics: SI Units
Energy, power, force, pressure
The many forms of energy

Units and
conversion

SNITUDRLOWOICRM

CANCEISIGNIFHYSICALPTLENAVIUEQSINITU
dyne-cm1≡2ecm-cm/sg1≡tunicgsJ7−10≡GER

tlovonehroughtronecteloneevMoJ19−10×602.1≈VE

gerandoltvelectrontheonMore

Coulombs19−10×602176462(63).= 1electron1ofgeChar•
V” = 1 eolt“electron-v1=oltV1×ge)char(electron1

Joules19−10×602176462(63).= 1V1 e

eV2.5islightgreenfo)hν=E(quantumsingleaofgyEner•
†gflop/er36∼siyficiencefcomputerrecordPresent•

kJ/TFlop2.78iswhich

Llue-Gene-Batslis/tmengeaMan-rojectselinemag.com/c/b/P.bashttp://wwwitewebs500”Green“The†

2007nieromputcentcififetosmehtas,BGab,LurybresaDaterupercomputs

19



8.21 Lecture 2:  Units and the scales of energy use

A tour of the energy landscape
CO2 and other greenhouse gases
Common sense and computation 

The Basics: SI Units
Energy, power, force, pressure
The many forms of energy

Units and
conversion
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mhOonehrutmpereAenOit)UnSI(cJ/se1≡TATW

)example(forancetsires

!sysaittawhstJuW1.356≈CSE/LB-TFOO

!sysaittawhstJuW746≡RWEPOSEHOR

gy:enertoackbwerPo

ycommonlmoreore,oulJ1=dnatt-secoW1
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The workingman (or woman).  guide for our tour: A

Although we use Joules for units (as consistently as possible), 
atts is an W it will be helpful to relate to a human scale.  100

... raverage value for power production by a manual labore

thesperhapt —ursbygamma-raltypicaA•
holekblacamforotrstanneutrof aoecollaps

rhy5310×1.7�Joules4410

yearn aitoutpuygrenerSola•

Joules4310×12=rseconds/yea710×3.16×attsW6210×8.3
hyr/year6210×1.2�MJ/hyr)0(58) /J/year4310×12(

RHY=RYEANHUMAETH�years aday020,ydas ahourr 8fosattW010

Joules
100=One

hours
8×

second
seconds

3600×
day

days
200×

hour
gaJouleseM580=

year
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forts of > 100 timesEf2005inconsumptiongyenerhumanannualorldW
 populationsthe earth’

•
9

for a yearhyr10×884=EJ490

forts of ~ 15 timesEf(2005)S.U.inlossesgyenerAnnual•
 populationsthe earth’

JE95=EJ/quad1.055×quads56 for a year
hyr910×102=EJ59

forts of 2 timesEfpersonaofgyenerRest•
 populationsthe earth’

EJ7.2=2m/sec)810(3kg80
for a year

hyr9

××
10×4.12J =1810×7.2

forts of ~ U. S. Efsearth’theoftoptheatvingarriradiationSolar
population for a year

•
secondperatmosphere

hyr810×93.2J =1710×7.1

forts of 2 times EfplantwerponucleartypicalofoutputAnnual•
s populationCalifornia’

J1610×3.6=sec/year710×6.3 for a year×W1 G
hyr7106.2=EJ.036 ×
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2005inconsumptiongyeneryearlycapitaperS.U.•

GJ/person350=people610×300/EJ106

hyr/person600=GJ/person350

yr/(person-day)h2≈GJ/(person-day)1day?Per

/person130orld:wtoCompare

http://en.wikipedia.org/wiki/
Energy_use_in_the_United_States

S.U.NortheastyearlyeragevA•
consumptiongyenerhousehold

BTU610×180 Joule310×06.1×year BTU
GJ/year191=

hyr/household329=GJ/year191
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orks.com/question192.htmstuffwwl.hoevhttp://tra

http://en.wikipedia.org/wiki/Gasoline#Energy_content

747BoeingviaBOS-LAXpersonperrequiredgyEner•
allonsg62=miles2600×gallon/mile0.01

GJ3.692=gallons26×JetfuelofMJ/gallon142
hyr6.36⇒GJ3.692

gasolineoftankOne•
liters56.9=liters/gallon3.79×gallons15

hyr3.4=GJ1.98=MJ/l34.8×l56.9
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eintakgyenerdietaryS.U.Recommended•
kCal/person-day2,500–2,000

×J/kCal310×4.187×kCal/day2000
(person-year)GJ/3.1=days/year365

pereintakgyenersyear’OneResult:
⇒GJ3.9–3.1person,

toamountspersonperinputgyenerearlyY
hyr6.7–5.3

SwedisheragevaproducetoinputgyEner•
dietsdata)findcouldI(where

systemofdefinitionsxComple
boundaries

processing,production,cropInclude:
storage,transportation,storage,

cooking...preparation,
equipment,ofcostCapitalExclude:

...laborhumanaste,wpackaging,
⇒GJ/person-year21.0—6.9Result:

yr/personh36–12

armf fontiocudorpithwntiocudroparmd fedulcny idutshetniariesdbounmetyssThe
osalyThe.reliarethetotpunoitaportansrtndaoragetsng,isrocesp,cropsofngdryi,snputi

udedclxeesboundariemtsysheT.dseholhousningcookindanoireparatprage,otsudedclni
etsaw,laeriatmgnackagip,ngsidliubndaerynmachiaschusgoodslatcapifonoiproduct

Theng.hiashwsidandumerconshetotreliarethetfromnoitaportranst,mentreatt
esuygnerefonoicatolalforsibashetsawsby-productandsroductpfoeulavceconomi

ygrenecessropsalatedcalcusawseuygreneeThs.tuptuoleltipumithwcessesorpginrud
.sessolonissmiansrtndanoirsevonc,gyenerryevidelndanoiroductpfonoiusclninohtiw

fuel,ytciriectlefromedveridsnputi.g.,eered,dionscerewsnputiygnerelacommerciylnO
notreewbouralhumanfromronushetfromsnputigyEnere.nilogasorcoal,loi

ideredcons

MJ/(person-day)10≈Or
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8.21 Lecture 2:  Units and the scales of energy use
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The many forms of energy

Units and
conversion
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gy connection and other greenhouse gases:  measurements, units, ener2CO•
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 (and other greenhouse gases)2Measurement of CO

sinigroits,egnahcateimlclobalgboutayasotmuchevhallwiweectureslaterlnI
ere...H.2OCotandesuygnereotelationrand

.2OCfoseiopertrP•
.2OCofuresmeasntaImport•

.esasgereenhousghertO•

2COfoseiopertrP

ghteiwcmiotA.2O21%and2N78%≈raiotedmparoC12+16+16=44.ghtiewcomitA•
.raiofytdensi×541.=628.44/ytensidhas2COoS6.28.

re.ressupricehpstmoataC◦0-7tas)agtolidosmfrotlycire(dslimebSu•
C.◦7-5taltsme2OCsressureprehightAtm.a5wolebsressuerptatetasdiuliqNo•
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2COofmeasuresmportantI
(ppm)millionperpartsin—atmospheretheIn•

—ycleccarbonsearth’inandvityactihumanthroughproductionandransferT•
(MMT)tonnesmetricofmillionsinusually

producedgyenerofJouleper2COkilogramsprocesses:gyenerinEmissions•
otherandlossesincludingnotsource,theatproducedgyener(Usually(kg/J).

)†ficiencies.inef

retmospheathein2CO

.ppm10±280on:iratoncentclairtndusre-iP

ppm.383≈oncentration:centPres

ityvactihumantodueeIncreas

producedcoalofkWhperemission2COquotedFindxample:eorF†
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tonnes!)metricof(millionsvityactihumanbyproduced2CO
MMT2,996,000atmosphere:thein2COotalT•

MMT28,190(2007):fuelfossilfromemissions2COorldW•
0.94%total:offractionaasEmissions•
(2007):fuelfossilfromemittersLeading•

Region CO2 (MMT)
United States 5,957
China 5,322
Europe 4,675

• (2006):sectorbyS.U.inemission2CO

Sector CO2 (MMT)
Residential 1,204
Commercial 1,045
Industrial 1,650
Transportation 1,990
Electric Power 2,344

year:perS.U.inpersonperemissions2CO•
tonnes910×6∼ kg/person000,0= 2
persons810×3

Staggering!

atadS.U.emSo

http://www.eia.doe.gov/oiaf/1605/ggrpt/carbon.html
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sesprocesgyenerinonisemis2CO

.nteontcygnereandboncarenterffdievhasuelflossifenterffiD

foTUBnilliomrepcarbonfoamsogrlikfotunidndaratsninevgiylcalypitataD
.ygrenf eoJr Gep2COfoamsogrlkiottrevoncll’eWce.oursehtatoducedprgyener

oractfonssiemi2COleFu
)/GJ2OCkg(BTU)(nillioC)/M(gk

9026∼alCo
6619∼eniasolgsene,oerk,uelfJet
5917∼asgeumolrpetedfiquiiL
50514.∼asgralNatu
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†gases:greenhouseOther

elyv(collectifluorocarbonsandchloro-ofarietyvaandO),2(Noxidenitrous),4(CHMethane•
fect.efgreenhousethetosignificantlyutecontrib)halocarbons

Current Atmospheric Increased
Gas concentration GWP lifetime (years) radiative

forcing (W/m 2)
Carbon dioxide 383 ppm 1 Variable (5 – 200)†† 1.66

Methane ∼ 1800 ppb 23 ∼ 12 0.5
Nitrous oxide 319 ppb 296 114 0.16
Halocarbons 1 ppb 140 — 10,000 5 – 250 0.34∼

1.asdefined2COwithmass)unit(perpotential”armingw“globalofmeasureaisGWP•
theatailablevamadeisgyenerthatratetheinincreasetheisforcing”evradiati“Increased

2
•

thewithcomparedbecanandW/minmeasuredgas,greenhousethistodueacesurfsearth’
input.gyenersolar

.vcdiac@ornl.go,CenterAnalysisInformationDioxideCarbonSource:•
table.thefromomittedisgas,greenhouseimportantanwhile,aterW†

it.fectafprocessesferentdifymansobecauseestimatetohardis2COoflifetimeAtmospheric††
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enormousismatterofcontentgyenerThe1.
udget:bgyenerhumanannualofalentvequiMatter

2Mc=J2010×9.4
m/sec810×0.= 3c

1610×0.9/2010×9.= 4M

kg310×4.= 5

lifting!vyheaenvenot

uy?bgramonedoesWhat

J1310×= 92)m/sec810×(3×kg3−10

.yearaforwerplantpoattwgame86.2aruntoenough
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enormousisearththeonincidentgyenersolarThe2.
1321betweenariesvatmospheresearth’theoftoptheatincidentgyenersSun’

Solar.2atts/mw1366oferagevA.yearthethroughout2atts/mw1412and
earththeonincidentwerpo

EJ/sec174.= 0W1710×74.1≈2πR×2W/m1366 ⊕

byusedgyenertheallersvdelisuntheminutes47=seconds488/(.174)inso
.yearainhumanity
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×

solarofareawhatEstimate3.
annualS.U.videproouldw

100%atudgetbgyener
y?ficiencef

ablewReneNationaldata:Find•
solarhasLaboratorygyEner

atlas.radiation
.html)v/gis/solar.nrel.go(www

areUnitsunits:SItoertvCon•
hours,24=day1/day”,2“kWh/m

W42≈24h/day÷kWh= 1kWh/day1

ERWOPGEERAVA

areaComputetable.thein,I,actorfthetimes2W/m42isinsolationSo
J/year2010×05.= 1Eforneeded

southwest),Americanfortypical(looks5.= 6IekTa•

)2W/m42×5.(6÷)sec/year710×15.(3÷J/year2010×05.1

2km4102.= 1
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2km410×2.= 1areaCollector

thesIt’promising.prettyLooks
ygenersolarevbeliewewhyreason
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typicaltosourcegyenerbasedcarbontypicalofratiothesWhat’4.
source?gyenernuclear

.eV13.6ishydrogenionizetonecessarygyener—eVarescalesgyenerAtomic•
afromprotonaevremotonecessarygyener—MeVarescalesgyenerNuclear•

.MeV8∼isnucleustypical

1+2HforreactionofgyEner• .eV/reaction3∼isO2H→2O2

.MeV/reaction200∼isuraniumoffissionforreactionofgyEner•
fuels.carbonofdensitygyenerthetimesmillion1roughlyevhafuelsNuclear
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