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EXECUTIVE SUMMARY

A life eyele sssessment { LC A ) of hydmsgen productien via natural gas seam e loming was perfomed 1o e am ing
the met emissions of groenhowse gases, as wellas other major cnvironmental comsequencos. LCA i a systenatic
analytical method that helps identily and evaluste the emdronmental inpacts of a specific process or competing
processes. In oader togquantily the endssions, reseuncs comumption, and energy use (e, envinuume nal siressors),
material and energy balances are performed i a eradle-to-grave manner gn the operations requined o transform
raw miaterialk into useful product. Natiral gas lost to the atmosphere during production and distribation is also
takenintoacemnt, Ultimately, this LCA will be compared 1o other hydrogen praduction techmalogies to cxaming
the environmental benefits and deswbacks of the compating systems,

The size of the hydrogen plant was set st 1.5 million Nm®day (57 million scfd). The natoral gas is refomed in
& comventional steam nelormer, and the resuliing synihesis g2 i shifted in both high and low temperature shifi
reaciors, purilication i performed using apressure swingadsorplion{PS A unit, Althoughthe plant sequines some
steam for the reforming and shifl reactions, the highly exodhermic reactions result in an ¢xoess amount of skeam
produced by the plant, For the bese case, this steam is assumed 10 e wsed by some other source. Therelipre, the
stresmons that woukd have resulied from prodoe ing and tramsponing natural gas and conbusting it in a boiler ane
avoidod because the other processTacility is not roguired o produce this siesm {see section 30 for detiik).

Intems of todal alremisions, OO0 b emited in the greatest quantily, scoounting Tor 999 { by weight) ol the iotal
air gmissions.  The COy; accounts for $8.3% of the system's global warming potential {GWP), defined as a
comibination a4l C0L, CH,, and N0 emissions ¢ spressed & CO-oquivalence fora 100 year thne frame. Methane
acoounts for 10.6% of the WP, The overall WP of the system is 11,888 g Olccquivalentkg of hyedrogen

aridiced; the following table containsa brcakdown of the sounces shoswing that the hydrogen plant itse il accounts
or T4, 8% of the greenhouse gas embsions,

gources of System Clobal Wanping Poential
il 9% from 9% frun 4% I'romm %% Froam H, 9% fon
lake ol H.b condnetom & natiral ga. | electricity prhami avoled
decommigsionmg™ | poducton | generation | oporation | opesstons ™
& i
Cireonhouse gas 11,488 {.4% 25.(F% el 1 Td K% =2 5%
ans s (00 -eq )

{a) Constricton snd decmmmisdoning mclude plam constnichion smd deconmmgomng & we ll & constuction of the
nuwhiral pieling

{b) Avoided aperstons aretheie thatdonol goour becise exceid 450 amis e xponiad toanother fecility. See secton 3l
fiar mdire mformation shout this.

(rther than OOy, methane I3 emitied in the nodt grestest quantity followed by non-methane foodnoc arbons
{NMHCs), NO, 50, C,
particulaes, and bename. Mot of as
these alr emissions are a resull of an
natural gas  production and
distribution.  In s of resource
consumplion, & aticipated, natuml 8§ 50
gas B used at e highest sate, Fas
Follwwed by coal iron fore plus B an
serap), limestone and oil. There is
alu & considerable amoum of waker g
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roquirements for reforming and shift !
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comersion, The majority of the
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distribution. The renmining wasle ] .
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decommissioning (3.8%). There iz also a small amount of wask that b credited 1o the system due o the avoided
operations (-7.1%), Walker emissions are small conpared 1o the other emissions,

In examining the energy halaee of the system, moat of the cvergy consamed is that contained in the natural gas
leedstock. The hydrogen plant energy ¢ Micioney 5 89.3%, on a higher heating value ( HHV ) basis (delinedas the
energy 0wl of the gstem divided by the energy ind the system). Two additimal energy elfkcioncies and two
energy ratios, & defined in the following table, were used 1o examine the energy budget of'the system,

Enecgy EfMciency and Batio el tons (LEY basis)

Lafe eycle elficiency (Yexe) | Exiornal energy Mt emengy ratin (o) | Extemnal energy matio ()
clfcieney (b
oA By _ Eh2-Eu EhZ _Eh2
Ef Ef Eff Eff-Ef

whire:

Eh? = eneryy in the hycdmgen

Eu = energy eomsumed by all upsireion processes roquinsd to operate the hydrogen plant

Bl = enongy cantained in the matural gas fed to the hwdrogen plan

EIT'= fissdl foel energy comsined within the systan ()

(@) Incldes the mmargy consumed by all of the processes.

i Bxchides the hesting value of the natursl gy feoditock Irinn the life eyele efficiency formila,
{ed Ilusiraies how mnich energy 13 produced for cachuntt of foss] fuel energy comsumad

(e Exchides the eergy of the naturs ] gas to the hydrogen plant

(e Inclles the netunal gas fed w ihe hydrogen plam smoe 1 13 comsumed within the boumndaries of the system,

Balance Bedulls (LHY hgf

Syslem Life eyl Extorma]l enorgy | Mol enoriy Fxde rral
alfie ey alliciency ) energy ratia

1 preeduiction via nahiral =30A% il a LA 5.

i sleam refirming

On s life cycle basis, Tor one M1 of fossil fiel consimed by the system, G686 M1 of hydroden is produced (LHY
basiz). This refllocis the Fact that bocsuse ratural gas is a non-rene wable resounce, mone cnerey is consumed by
the systom than is produced. This number alse sceovunt Tor the upsiream energy wsed in producing and
distributing the natiral gas and in producing he clectricity required 1o operate the hydrogen plant.

Finally, a scnsitivity analisis was perfomed on the llowing variables: materiak of construction, natiral gas
lrsses, opserating capacity factor, recycling versus lndlilling of materials, natural gas boiler efficiency, hydrogen
plani energy elficiency, and hydrogen plant steam balance {no eredit for excoss sicam), Most of fie variables
examined had no noticesble alfect onthe LCA. Roducing the drogen plant energy efliciency from 89 3% 10
B has the largest effec, with moest sressors, including the system GWE, increasing by about 16%, Changes
in ntural s losses signilicantly affoet e GWP. The sswned lossin the base case analysis was 1.4% of the 1otal
amnt remoed from the ground. A 05% loss roduces the GWP by 5%, whike a 4% losa results noa 16% orease
from the basc case result. NMHC emissions and 10tal system cnergy consumgdion are also alfecied by changes
in the natuml gas loss, One other variable had a significant effect on the energy balance of the sysiem is the
hydrogen plant steam balance. The base case smsumesthat the exoess steam produccd at the hdrogenplant & used
by amnethocr soance. 17 this wene nod the case, then e gystoam could net be eredited for the streson due to the
avoided matiral gas production and distribution, and combustion ina boiler, The upstream energy that s svoided
in producing and distributing natural gas which would have boon combusted in a boiler can no longor be crodited
1o the system, This causes the net energy ratio 10 decrease from Gad 1o (059, and the life oyele elficiency 1o
decreast from -396% 10 -52. 84,
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Units of Measure

Metric units of measure are used in this repon, Therefore, material consumption is reportod inwnits based
on the gram {c.g., kilogram or megagram), energy consumption based on the joule {og., kiojoule or
megajoule), and distance based on the meter {e.g., kilometer), When it can contribute 1o the onderstanding
of the analysis, the English system cguivalent is stated in parenihesiz, The meiric unils used for cach
parameier dre given below, with the comesponding conversion to English units.

Mass: kilogram {(kg) = 2.205 poumds
megagram (Mg) =metric tonne (T) = 1 x 10° g = 1. 102 ton 1)
Distamece: kilonpeter {km) = 0,62 mile = 3,281 foel
Area hectare (ha) = 1000 m* =2 47 acres
Volume! cubic meter (m”") = 264.17 gallons

nomal cubic meters (Nm') = 0.02628 standard cobic feet (sef) at astandard iemperature &
pressure of 15.6°C (60°F) and 101 4 kPa (14.7 psi), respectively
Prossure; kilopascals (kPa) = 0. 145 pounds per square inch
Emnergy: kilpjoule (kI = 1,000 Jonles {11 = (. 2488 Bin
gigajoule (G} = 0.9488 MMBiu {million Btu)
kilowatt-hour (KWh) = 3.4 14.7 Bty
gigawatt-hour {(GWh) = 34 x 10° Biu
Power: megawatl (MW= 1 x 10" I's
Temperature: “C =({"F-32)/1.8

Hydrogen Equivalenis:

| kg H? =423.3 scf gas= 11.126 Nm® gas
= 142 MI (HHV basis) = 120 MI {LHV basis)
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Abbreviatons and Terms

Bin -
Ceguivalence-

DEAM -

ELA -
GWP -
HHY -
HTS -
[PCC-
kWh -
LA~
LW -
LTS -
MMSFCD -
MW -
W0 -
Nm' -
MWMICs -
KO, -
MREL -
PSA -
SME -
80, -
Siressqr -

Siressor calegory -
TEAM® -

LS. DOE -

5. EPA -

wilh -

British thermal umits

Expression of the (WP interms ol OO forthe following three components OO, CH,,
WA, based on TPCC weighting (actors

Data for Environmental Analysis and Managemend {also reforred to as the TEAM®
database]

Emnerpy Tl mostion Ao omimistration

global waming poteniial

higheor hecating value

high temperature shifi

Intergowvemmental Panel on Climale Chanpee

kilowaii-hipur {denpies energy)

life oyele assessment

lonwngr heating valie

low ipmpcraiine shifl

miillien standard cubic foct per day

megawall (denpies power)

nitrows oxide

normal cubic meters

non-meihans hydmecarbons

nitrogen ox ides, excluding nitrous oxide (RO

Matipnal Rosewable Eneroy Laboraiory

pressure swing adsorplion

steam methane refomiing

s lur oacides, inclisding the most comnmeon form of airborne sulfur, 50,

M term that eollectively defines emissions; resource consumplion, and energy use a
substance or activity thai resulis in a change 10 the naiural environmend

A group of stressors that defmes possible impacts

Tonls for Environmendal Analysis and Management (saflware by Ecobalamce, Inc, )
United Siates Deparimend of Encrgy

Unite Stales Environmental Prodection Agemey

percendage by weight
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1.0 Introduction

Hydrogen s used in a number of indosirial applications, with ioday’s largest consumers being  amnnonis
prodection Beilities (403%), oil relineries (37 .3%), and methamo | prodection plants {10 0%%). In 19596, three
trilliom cubic feet of hydrogen wene consummed in the United States (SR, 1 998), International consumption
o thydrogen followsasinilar trend, with ammonia prod wction accounting for 62, 4% of the world’ shydrogen,
and refining and methanol prodoction consuming 24.3% and 8.7, respectively. Becase such large
quantities ofhydrogen ane ired in these instamvees, the hydrogen is generally produced by the consumer,
and the mosi commaon i5 steam refomuing of natural gas.

A life cyele assessment (L.OCA) of hy dro gen production via steam refomiing of natural gas was conp leted
by the Mational Renewable Encrgy Laberatory (WREL ), Although, thisstedyin ilselfiscomplede, this is the
lirst in & series of sssessmonts for companng the cenvironments] benefits and drawhacks of hydrogen
produciion via oiher routes such as biomass, wind, and phoetovoltzics, Additonally, other long-term
technalogies {e.g., phoobiological hydrogen prodoction, plasma reforming'o xidaion, and carbon reanotube
hydrogen storage) can be oiamined using this malysis 100l Lo explore the possibility of improved
environmenial consequences,

The primary goal of this LCA is Lo guantify snd analyze the total environmental aspocts of producing
hydrogen via natural gas steam reforming.  Tnorecognition of the fact that upsiream processes required for
the operation of the steam methane reforming{ SMR) plam also produce pollutanis and consume energy and
natural resources, this LCA was perfrmed m a cradle-to-grave manner. For this mason, nat 4as
production and distribotion, a5 well as eleciricity generation, were included in the system boundaries, The
size of the hydogen plant is 1.5 million Nm/day {537 million scfd) which is typical of the size that would
be found attoday”s major oil refinerics. All resowrces, emissions, and energy Mows were inventoried within
the boumdaries of the system 50 that the 1otal envirenmendtal picture of the system could be depicted.

2.0 Hydrogen Plant Description and Assumptions

The system studied in this LOA is ydrogen production via catalytic steam reformning of natuml gas, which
i5 amature techmoloy and is the rowe by which most hevdro gen is made today, The mothdsdo by is the same
a5 that used and described i detail in eardier LOAs performed by NREEL (Mann and Spath, 1997 and Spath
and Mann, 1999, Thematerial and energy balance data for the hydrogen plant were taken from SRI, 1994,
This rTlnrl Presonis an accurae pimlﬂz af teday’s typical SME plamt with one cxception; the design does
nol include a low temperatere shifl (LTS reackor, FPast analysis (Mann, 1995) and standand practice inthe
hydrogen production business have shown the addition of an LTS reactor 1o be economical due to thesmall
amound o fadditional hydrogen prodoced. Therefore, for this LCA, the SRI dosign was modified 1o include
an LTS conversion siep, For comparizon, a sensitivily analysis was performed 1o ocaming the difference in
the overall emissions if an LTS reactor were not included inothe. hyydro gen plant design {see section 701,

Figure 1 & & hlock flow diagram of the natural gas sicam neforming plant stsdied in this amalyss, Prior io
steam refomuing, the natural gas is pretreated in & hydrogenation vessel in order to convert any solfur
compounds 1o TS, A amall amount of hydrogen, which is recycled from the product siroam, is wsed in this
step, The HSS is then removed ina Zn bed. A fler pretreatment, the natural gas and 2.6 MPa (380 psi)
steam are fed 1o the stcam reformer, Thercsuliing synthes s gas 15 then fod 1o high temperature shifl (HTS)
amd LTS reactors whene the water gas shifl reaction converts 92% of the OO into H., The hydrogen is
purified using a pressure swing adsonption {FSA ) mnit, The reflormer is fueled primarily by the FSA olf-gas,
bt & small amound of matural gas (4.4 wi% ol ihe total reformer foel requirenmeent) is wsed o supply the
halance of the reformer duty, The PEA off-gas is comprised of OO (55 mal%), FE (27 maol®), OF, (14
mel% ), OO (3 mol%), Ns (0.4 mol¥), and some water vapor, The sicam reforming process prodoces 4.8
M Pa {700 psi) steam, which is sssumed 1o beexported for use by some odher process or Facility, Elecincity
is purchased from ihe grid to operate the pumps and compressors. Table 1 gives the major per formance and
design dats for the hydrogen plant
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Talle 1; Steam Methane Reforming Hydrogen Plant Data

Detiun Parameter (it
Plantsise (hydmgen prislucton comsiiy) 1.5 mil ham Wamielay
{57 mulbiem sefl )
Hlrogem pury Il usrial gracle (=99.95 maol% 1)
Avera e aeraling capacity [acos S
Maniral gas comumed @& 1Y% perating cipracity U2 Wy (loed)
a5 Mgday | fuel)
Sieam requirement (26 MPa or 380 pad) @ 100G aperating capacily 1,293 Magid=y
Ltocam production (4.8 MPaor W00 psi) i@ 1% opersting capracity 1,858 Mipkday
Elee ity requineiamn @) 100% operating capaciy 153311 Mliday
Hyelriypen plam enargy efficiency (higher hesting valoe (HHW) hesis) | 8994
(ke Pzl intexd balkow])

Muote: The hydrogen plent e Meleney changes 1 the @ xeess fieem can nod be aiilised by 2 neardy sounce. However, this
deoned met changgs the smoun aof hdmsen produced by the plant

The hydrogen plant energy efficiency is defined as the total energy produced by the hydrogen plant divided
by the todal eneroy indo the plas, determinged by the following fomuls:

m.un':] x5 mngy + E]EEL'I'I:H}' + 2.6 Tn.-TPa su:am STy {:rl:qum:d‘,l

[Tithe steam ware mot inclisdod inith e shove oguation, ihe conversion effciencywould decrease o T9.2% (e,
the 2.6 MPa steam & prodoced intemnally and the 4.8 MPa steam could ned be used by another sounce]).
Additionally, if a uwser could not be found For the 4.8 MPa steam bt the 2.6 MPa steam were still inclisded
85 an energy inpul, then the hydrogen plant energy officiency drops to 691 %, While this would be the
preferrad operation for a hydrogen planl indegrated with potroloum refining, a stand-alone dedicatod
hydrogen production Facility would generate the 2.6 MPa steam internally mther than buy it iff a costomer
for ihe 4.8 MPa steam could not be found.  Additionally, if a cestomer could not be found for the 4.8 MPa
steam, the operator might eonsider using it 1o generate elecineity for use intemally or for sale io the grid,
Howewer, il should be nioted that given egqeal opporiumity to find customers, asteam byproduct ereditis worth
neore than an electricity byprodsd arodil because of cflicienc y losses inconverling stcam 1o electricity,

[naddition to adding an LTS reactor to the pland design, the reformer flue gas composition was comected io
ine lusde WO, OO, and particulate emissions, Since de reformer fumace is eguipped with alow KO, bumer
which reduces the emissions to 20 ppm (SRE 1994, this amoond was assumed o be emitted from the
hydrogen plant, O and paniculale emissions were oblained ffom the 1.5, Envinonmental Prodection
Agency’s (EPA) data on natoral gas combustion furnaces {LLS, EPA, 1995). The ameunt of te pollutant
iz given per the guantity of natural gas fired based onoan average natural gas IV of 8270 kealim® {1,000
Biwsef). The data were ratioed 1o accoomt forthe differenoe in the heating valse of the relomuer [sel versis
thai of nalural gas. The resuliing OO0 and particulate ennissions from the reformer are 00084 kg H, and

003 wkg He, respectively,
3.0 System Boundaries and Major Assumpitions

The software package wsed 1o track the material and emor gy Nooas betwoen the process blacks in the system
was Tools for Environmental Analysis and Management (TEAM®), by Ecobalance, Inc. Figure 2 shows the
boundaries for the system, The solid lines inihe Dgume represent actial material and energy Nows, the dotted
lines indicate logical connections between process blocks, The dashed lings with Xs throush then demote
the fows thet do not occur because the sieam iz produced by e hydrogen plant instead of 2 natural gas
boiler. These are the avoidad emissions, and thus are taken & credils in the todal inventory of the system.

5
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Figure 2: System Boundaries for Hydrogen Production
via Natural Gas Steam Reforming
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The stressors asseciated with matural gas prodection and distribuwtion, as well as those for eleciricity
pencration, were taken from the TEAM® database, known o Data for Envirenmentsl Analysis and
Management (DEAM). The sieps sssociated with obtaining the naiural gas feedsiock ane drilling/exiraction,
prn::ﬁmng, and pipeling ransport. Processing incledes glyool dch}'draunn and pas sweelening using the
aming process in which sulfor is recovered as elemental sulfir, The emissions associated with cach process
step inthe natural gas production block were obtained through a joint study by Ecobalance, Inc. and the Gas
Eesearch Instituie (GRI), Eleciricity prodoction wasassumed 1o be the generation mix o fthe mid-continental
United States, which according 1o the Wational Eleciric Reliahility Council, uses &1 7% coal, 5. 1% lignike,
1RA% nuclear, 103 % hydno, | 4% natumal gas, and 0, 1% oil; power distribwion Iosses are taken &t 7.003%,
The sircssors asseciatod with this mix were also determined in a cradle-lo-grave mammer in DEAM, and thus
taken inlp accoumd in this LOA. Some details about ihe DEAM database modules can be found in the
appendix of Mann and Spath { 1997,

Bocauwse hydrogen tion by sieam refomuing of natural gas is a highly exothermic proces more steam
ispmdmcdb}'ﬂh.g;’dmgnn plant than is consumed. The oxcess steam generated by plaml & assumaed
Lo b used by anoiher souree. Becamse this piher source does not have 10 gemeraie steam itself a crodil is
taken for the siressers thet wounld have resulted from producing and transporting nafural gas and combusting
itina boiler sssuming aboiler efficiency o0 75%. The emizsions for natural gas production ane the same as
tho s diseussed in the previos paragraph, The natural gas boiler emissions were based on emissions from
EPA fornatural gas combustion inindusirial boilers (U5, EPA, 1995). A sensitivity analysiswas perfomied
to examine the chanpes in the LOA resulis for the case where o wser for the steamy could be foummd, and
there fore credils could nol be taken for the exeess steam oo section 700,

For this stody, te plant life was set at 20 years with 2 years of construction. In yearone, e hydrogen plant
begins to operale; pland consinection takes place in ithe two years prior 1o this {years negative two and
negativenne)., In yearone the hiydrogen plant is assumed o operake only 4 5% {30 of Wk ) of the time doc
Lo star-up activities, In years one through 19, normal plant operation eccurs, with a 90% capacity facior,
Druring the last quarier of year 20 ﬂ'heh}'dmgen plantis decommissioned, Therefore, the hydrogen pland will
be inoperation 67,5% ( 75% of ®0%%4) of the last year,

4.0y Construction Matcrial Requirements

Methed s for determining pland cons irectionand decommissioning ane the same a5 those mmedin WREL past
L As {sor Mann and Spath, | 997 and Spath and Manm, 19995, Table 2 lists the materia] redguirome ms wsod
for the plant inthis stndy. A sensitivity asalysis was performed 1o determine how changing these numbers
would affect the resolis (see section T0L

Tabde 2t Wydvopen Plant Material Begid cemen s (Base Cae)

M teria] Auronm reguired
Mg
Cone roda 1,242
Hecl 3272
Ahimminuim e
Iran i

Because of the large amoumd of naiural gas being consumed, an assumption was made that additional
pipelines would be required 1o move the natural gas fom e oil or gas wells 1o the hydrogen pland,
Ulmann's Ency clopedia of Industrial Chemistry (1986) states that {ypical pipe diameters in the natural gas
ind ustry are 60-1 1 Dcentimeters {23 6-43.3 mches) and K rk-{ihmer’ s Encyclopedia of Chemical Technolo gy
{1993 lisis a mange of 36-142 centimeters {1 4.2-55,9 inches), For this analysis, the total length of pipeline
transporl is assumned 1o be 4000 km {2 486 mi), based on information from Ecobalance, Inc. The nmin
pipeline diameter was st a8l 6| contimeters {24 inches) and & assumed 1o extend BO% of the todal distance
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or3, 200 km {1,988 mi). Becasse the main pipeling is shared by many users, only a portion of the material
roguirement was allpcated for the nateral g combined-cyele plant. To detormine this peroentage, the
naiural gas required by the hydro gen pland was divided by the total Oow through the 61 cm diameter pipe ai
a pressong drop of 005 pid 100 el (00001 MPa/100 meters), resulling in a value of 0.9%. The remaining
lengih of fieiotal pipeling, B0 km {498 mi}, was also sized 50 thal the pressure drop through the pipe would
ot ex cood 005 peis 0D feet (0,001 MPa/ 100 meters), This resulted in a pipe diameter of 15 centimeters {6
inches). Thus, the total pipeline sieel requirement for the hydrogen pland was 12,539 Mg (13,822 tons)
assuming 3 standard wall thickness. The process steps sssocigied with prodocing the steel {e.g., iron
producticn, cleciricity generation, sioel mamefaciure, ete.) were inchided in the mmalysis, and a sensitivity
caze was porformed using different pipe diameiers 1o determine the efféct of material requirements on the
results {see section 7.0 Do 1o a lack ofdata, the emissions that woold result from installing the pipeline
wiore nod included in the analysis,

2.0 Matural Gas Composition and Losses

While natural pas is generally thoughl of as methame, abo 5 - 25% of the volume s comprised of ethane,
propane, badane, hydropen sulfide, and ineris (nitregen, O0L, snd heliom), The relative amounts of theso
components can vary greatly depending on the location of the wellhead, Table 3 gives the composition of
the natural gas feedstock esed in this analysis, 85 well as typical pipeline and wellhead compositions. The
composition wsed in this study {Tirst column) assumes that the ratural gas is sweetened to remove HL.S dooa

level o 4 ppmy prior to pipeline transpont. Before feeding the natuml gas io the relomuer, anvy residual sulfir
is removod wsing 3 zine exide bod,

Table 3: Matural Gias Com s o ns
Comomnt | Nl ® | comesen | 'osmpomts (st e)
Mual % {dry) Merl % (e y) Low valie | High value
Mlethana (CH,) %5 .4 i3 b a
Bthana (C.01,) 23 3. 1 15
Progpang (C,1,) 15 0.5 1 14
Nitrogen (M.} 08 1.1 n 15
Cashon dioxdde (003 015 0.5 i 14
lierbutame { 1, il i1 i 1
M-butame {C,H ) 0 i1 i 2
Pentames + () i {2 i 1
Hylropen sulfide {11.5) i (08104 i 3
Hebium {He) i L i 3
Hest of combustion, HHY 53,680 Vg 53463 Vg . -
(235,079 Bk {22.9%5 Bwdb)

{a) Taken (rom SHEI, 19404,
(k) Taken from Chemica Economics Handbook {Lacson, 199490 and adjusted 1o ncleded H.S.
{¢) Taken from Ullmann's Encyelopedia of Indusirial Chemisiry, 1986,

[n exiracting, processing, iransmitting, storing, and distributing natural gas, some is lost to the stmosphere.
Over the past two decades, the natural gas indostry and others have ried io beiter geandify the losses. Thene
is 4 peneral consensus that fagitive enissions ane the largest souree, accommting for sbout 38% of the total,
and thal nearly W4 of the fugitive emissions are a result of keaking compressor components { Resch, 1995
and Hamison ef ef, 1997), Thesecond largest source of methane cmissions comes from preumatic control
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devices, accounting Brapproximately 200 ol the todal losses (Resch, 1995), The maj ority of the preumatic
losses happen during the extraction step. Engine exhaust is the third largest spurce of methane cmissions
dueio mepmplete combustion in reciprocating engines and iurbines wsed inmoving the natoral gas through
the pipeling., These three somces make up nearly 75% of the overall estimated methane amissions {Resch,
1525 and Harrison &f af, 1997), The remaining 25% comes from sources such as dehwdmiors, purging of
transmission'storage equipment, and meter and pressure regulating stations in distribution lines,

According Lo the EPA, transmission and storage acoound for the largest portion of the total methane emmssions
al 37 followed by extraction at 27%, disiribution al 24%, and processing coniributing the least at 12%%
{Harrison of o, 1997 Inihe late | %80s EPA, GRI and the American Gas Association { AGA) imtisled a
stody which estimated the methane emitted 1o the atmosp here from [1.5. natural gas operations 1o be 1,4%
+/- 5% of the gross natural gas produced (Hlarnson ef af, 1997), Another publication {Kirchgessnerer al,
1997 which meludes severa ] awhors ol the EPASGRE AG A stody, states thet momne rones estinates of et no
emissions arc available and that the mest commaonly cited keakage rates mrge from 1-4%, Following the
EPAMGREAGA stisdy, the Natural Gas STAR Program was lammched in 1993, T isa volumary programwith
the matural gas indostry designed 1o reduce methane emissions threughcoost-e Tective measures, The program
currently has over B pariners. Bocause of this program, the overall amoont of methane lost o the
aimosphene is actually expected todecrease & the natural gas industry grows, The base case of tis LOCA
assomed that 1.4% of tho natoral gas that is produced is 1ost 10 the stmosphare due to fogitive emissions.
To determine te effect that natural gas losses have on the resulis, and specifically on the systems global
warming poiential (GWF), a sensitivity analysis was performed on this variahle (sce section 70). The
natural gas production modele in DEAM was aliered 5o thal 1t could accommeodate diferent natural gas loss
rales,

6.0} Resulis

The results of this LCA, including air emissions, energy roquirements, resource consumplion, water
emissipns, and solid wastes, are presented here, The functional unit, also known a5 the production anmouni
that reprosents the basis for the analysis, was chese 1o be the nel amemd of hydrogen prodeced. Most
values ame given per kg o Thy drogen, averaged over the life of the system so that the relative comtribution of
siressons fromthe variouws operationscould beexamined, Because the resouros consumplion,, emissions, and
energy use are functions of the size of the plant and the technology, care shoukd be taken in scaling results
Ly larger or smaller facilidies, or applying them 1o other hydro gen production systems,

6.0 Alr Emissions

[n terms of total airemissions, 0. is emitted in the greatest guantity, acopunting for 99 wi%s of fee total air
emissions, The vast majority of the OO (B4%) is released at the hydrogen plant. Table 4 i5 a list of the
meajor Ar emizsions as well &= a8 bheakdown of the percentage of cach emission from the fallowng
subsystems: constroction snd deconnrissioning , naral gas production and ransport, electricily gencration,
hydrogen plant operation, and aveided operations, A Rer OO, methane is enmtted in the next sreaest
quandity follewed by non-methane hyydrocarbons (MM ECs), WO, 50, CO, partico lates, beneens, and W0,
Owverall, other than CL, most of the air emissions are a resull of natural gas prodisclion and disiribotion,
Vory fow emissions, other than OO, come from the hydno gen plant operation isell. The CH, is primarily
a resulio Mmadural gas fugitive emissions whichane | 4% ol the gross natural gas prod ection for the base case.
Although not shown in Table 4, the CTH, cmitted during produoction and distribution of natural gas is T6%
aof the total system methane cmiss ions,
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6.2 Greenhouse Gases and Global Warming Potential

A lthough OO 15 the most imporiant greenhowse gas and is the largest ennission from this sysiem, quandifyng
the total amoumd of greenhouse gases produced is the key to examining the GWF of the system, The GWF
ofihe system is a combination of OO, OH,, and W20 emissions, The capacity of CH, and W0 1o condritasto
o the wamming of the atmesphere 1521 and 310 times higher than OO, respectively, fora 100 vear time
frame according to the Iergovernmental Pane] on Clineste Change (TPCC) {Tlou ghion, of ol 1996). Thus,
the WP ofa system can be normalized 1o COL-equivalenoe o describe its overall contribation to global
climate clemge. The GWF, as well as the net amound of greenhonse gases, ame shown in Table 5, T is
evident from this table that OO0 15 the nain comributor, scopunting for B9, 3% of the GWP for this specific
system, Hewever, it is important 1o note that the natural gas lost to the simesphere during production and
distrilasion cases CH, to affecithe system’s GWE, Althoweh the amount of CH, emissions is considerahly
loss than the COL emissions on 3 weight basis (10621 g of OOk of H, verses 60 g of COHkg of LY,
hecase the GWP ol CH.is 21 times that of OO, CH. accounts for 1006% of the to1al GWE,

Tabile 55 Greeal Ganes, Enis | Galobal W arming Potential

Emdssion Percent ol GW P ralstive Lo CW P value Percent

hgatiy | Timubiory | iy | @OCrmmAasiv) | Sowr 6o
Ly 1621 e Aa 1 1ia2l L
CHy, il L 21 1,256 14L&
Mo (IE (LKA L] 11 (r1
W MNIA WA MIA 11,488 MIA

Note: Additional figures after the decimal than these thet are significant are presented 5o (hat the emissions
would not appear as being zero,

Figure 3showshow the OO -equivalent emissions are dividedamong natoral gas prodection and distribution,
elecinicity generation, plant opnstnection and decommissioning and pipeline construction, hydrogen pland
operation, and avoided operations. The majority comes primarnily from the hydrogen plant, which accounts
for 74 8% of the overall GWP of the sysiem. This is followed by natural gas production and distribution
which contribuies 25.0% io the GWP, Again, this iz dee 1o the amount of the naiural gas lost 1o the
atmesphere. Changing the ammmt of natural gas lest will kavea signiGeantafTect onthe system’s (OWP and
this can be seen in the sensitivity analysis in section 7.0,

6.3 Encrgy Consumptiocn and Sysicm Encrgy Balanceo

Energy consumplion is an imporiand part of LCA. The energy consumed within the system boundaries
resulis in resource consumnplion, grand waleremisions, avdsolid wastes, Table b showsithe energy balance
For the system and bocanse of its magnitsde, the natural gas energy is listed separately, Mosiof the energy
consumeed, abou BT, is that condainod i the natural gas fod 1o the stcam reformer, As disoussed in section
3.0, because of the excess steam prod soed at the hydrogen plant, a credit istaken for the siressors associated
with producing and transporting natural gasand then combusting il inaboiler. Therefore, the non-foedstock
energy from the avoided operations sieps is negative.

i1
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Figure 3: Life Cycle GWP (CO,-equivalent)

Net greenhouse gas emissions

11,888 g CO, equivalent/kg of net hydrogen produced

8,895
- (74.8%)
P
[ 2,972 293
| (25.0%) (-2.5%)

|| Natural Gas || Ejectricity = CONstruction &  [Avoided
| Production & | generation Decommissioning Operations

Avoided Operations = steam production from a natural gas boiler and
natural gas production & distribution required to obtain the natural gas
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Paldle 6ii Average Evergy Bequire ments { LI basii}

Syaem Yol % ol total hom A% ol waal % of tonal 9% ol wral
total eneray il m comructn & Frovim nashiral Irom Frovar A v ed
n:m:uuq'l-‘h'un this d.mumﬁhﬂ'iun:ing e E|u:'||"'ri'lg,' !|1I=|‘i'l:iu1.=|
ke H) tshla [nldr'ﬂm ponieraticm

disinbation
Eneryy in the 1545 HY19g Mk LI S WA Mk
natura] e o
hiywdrogen plany
Muon-bredsiock il 12505 24% L 1R MO 3L
encrey comunzd
by syitem (%)
Teial energy 1432 MNiA MiA MIA MiA HiA
comzminsl by
AyElem

*  Exclodes the enor
io ithe atmosphare

im the natral gas feodstock encengy b inclisdes the enorgy in the eatural gas lost
ingg matural gas prodection,

The hoydro gen plad encrgy e ficiency s B9 3%, on an TITY basis (defined in section 2,00, Table 7 condains
four additional terms for evaleating the cnergy halanee of the system, The results are in Table 8.

Lable7: Encrgy EMcicocy and Ratio Delinitions (LY basis)
Life eyele eflicemey (Yl | Exiornal energy Mt eneriy falio (e} | Extemal energy ratio (d)
alffciency (4 (h)
_ Eh2-Eu~ _Eh2-Ex _En2 __Eh2
7 g B B

where:
Eh? = enemugy in the hycrogen

Eu = encrgy amswned by all upsirean procesies requingl to operaie the higdrogen plant
EF = enargy comained n the mdursl gas fed w0 the hydrogen plam
EIT= lsdl fuel energy comsinsed within tha 3ysiean {2)

{a) Inclwdes the encrgy consumed by all of the processes,

{b) Excludes the heating

value of the natural gas feadstock from the life cyele eMcieney fronula

{c) Mustrales how much energy is produced for each unit of fossil fuel energy consumed.
{d) Excludes the cnergy of the nadural gas 1o the hydrogen plamdt,
(€] Includes the natural gas fed o the pdrogen plant since it is consumed within the boundaries of the

syslem,

13
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Jalded: Energy Balanoe Henlis {LITY lasis)

Base caie nesull
Life cyele effidiency -30A%
Esdernal eergy efficiency Hill.d
Ml enargy ratio (L&A
External energy matia 5.1

The encrgy in the nainral gas is greater than the energy content of ihe hydrogen produced, Thene fore, the
lifecycle efficiency is megative. This rellects the Bot thal becase natural gas is a non-renowahle eseurce,
more energy 15 consumed by the system than is prodeced. Incalcolating the external energy efficiency, the
energy content of the natural gas is nod included, makm g the resuli of this measure positive, The difference
betweenthe hydro gen plant efficiency and the ovemal energy efficiency quantifieshowmoch ener gy is used
in upstream processss. The esulis also show ihal for every M of fossi] fise] consumed by the system, (U6
WLT of hy drogen are produced (LY basis), Although thelife cycle efficiency and net endrgy rtio are morne
correct measures of the net energy balance of the system, the external measures are uselul because they
exposg the rate of energy consumplion by the upsiream process siops, Disregarding the energy in the naturs|
gas feadstock, the majoriy of the iptal energy consumplion comes from nateral gas production and
distribution (see Table 6, which can be [urther broken up inio sub-processes! natural gas edraction,
processing, iransmission, siorage, and distribulion, Analyring each ol these steps, it was [oumsd that the large
amoimi of energy consumed in natural gas production is specifically fom the naiural gas exiraction and
transport steps.  Conversely, the endrgy credit from the aveided operalions is also a result of natural gas
prodiction and distribotion, Note that in general, higher efTiciencies and energy ratios ane desired for any
process, nol only in terms o [ economics, bul in tems of redeced respunces, emissions, wasies, and energy
CONSUTPim,

64 Resource Consumption

Fossil feels, metals, and minerals are used in converting natural gas iohydrogen, Excluding water, Table
9 shows 1he major resouree consumption requirements for the system, As expected, natural gas is wsed ai
the highestrate, accounting for 94, 5% of the total resourceson & weight basis, followed by coal at 4, 1%, inon
{ore plus scrap) & 0.6%, limestome at O,4%, md odl & 0.4%. The iron and limestone 15 wsed in the
consiruction of the power plant and pipeline. The majerity of te ol consumption (B0.9%) comés from
nabwral gas prodection and distribotion while mest of the coal s consumed 1o prodece the elecinely noedod
by the hydrogen pland,

14
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Lalde 3 Average Besource Conswmplion
Rewunoe il Al a5 ol el Fraem a5 ol tetal e ol edal | % af total
(hy HY | Total m oingruchan & Frem nstural Frm [rwmy
thi docommmgionmg | s produstion | elecmaly swrick
tmhlea & trampon poneratin | aperation
Coal {in ground) 1542 4.1% L% 174% 112% =1 "%
Irein {Fig, oma) 1403 {13% TIHLE T 0% (LiFs
Irsin s ragh 112 {13% 1A% s {161 (L
Lirmscmtome {10 @00, 1#.6F (4% TIHLE 2% LS (LiEs
in ground )
Matural g (in ground) 323 94 5% < (s 110.8% 0.1% =1(L 9%
CHI {in gromined b 164 {149 ELTICTS &I K% 151% -(Bs

Tabk 10is a breakdown of the waler consumption for the system, The majority of the water & consumed
atl the hydrogen plant. Table 11 divides the hydrogen plant usage indo fhat requined for reforming and shifi
and thet wsed to produce adkiiional stcam, The smaller percentage (24.0%) is the amouni that is consumed
during ithe conversion of natural gas o hydrogen while the higher pereentage {71.2%) & aresuliofihe excess

steam prodection,

T
ol % o wial frémn % ol total Yol wial | % alodal %% of wial
{ s g conglruction X Fremn untair sl from fremn H, Frepans s variclied
s decommmimionmng | msproductiom | elcmaly plam Cpreatims
& tramapon generation | operation
W ater exminmd 195 ias | 5% < A 955 = 1%
Talle 11: Brealodown of Hydrogen Plamt VWater Cors wmpd o
Aurmym o e Bpal fotal water
{ltersdg H) GO
Water consmirmed 10 ralormmg & shilt neseHang a4 2d (e
Water consined ind 4 MPa siesm production 141 1.2
Total water comungiion ram hydmogen plan 144 45 He

6.5 Water Emissions

Similar io the Andings of previcusly porformed LCAs {Mann and Spaih, 1997 and Spaih and Mann, 19997,
thee total amoont of water polletants was found (o be small companed to other emissions, Therefore, a list
o Tthe individual oo mp onents and their qeantities is not reported in thisdocument. The total smount o fwater
pallnants for this swdy equals 019 ke of 1. with the primary pollstan being odls (6034 followad by
dissolved matter (29%%). I & inlercsting to note that the water pollwtants come prinarily from the material
manufacturing steps required lor pipeling and plant constroction.,
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6.6 Solid Waste

The waste prodweed omihe sysiem is miscellaneous non-hazardouswasie, totaling 2016 g'kg olhydrogen
produeced. Tahle 12 condaing a hreakdown of the percemtage of waste from cach of the subsystems, The
majorily { 72,3%) comes from natural gas prodection and distnbotion, Breaking this down lurther, pipeling
transpert is responsible for 30% of the total system wase and natural gas exiraction i the second largest
waste source, accounding for 22%of the total, Altheugh the majority of e pipeline compressers are driven
byrociprocating engines and wrhines which are fsled by the natural gas, there ane some elactrical machines
and ¢lectrical reguiremends at the compressor stations, The waste duse to pipeline iransport is a result of this
electricity requirement. The remaining system wasie comes from ihe grid eleciricity (31.0%) roguired io
operde the hydrogen plant and from constroction and decommissioning {3.8%) (the electricity generation
mix is described insection 3.00), Since there are two process stepsusinga considorable amooumd of electnicity
{nanural gas pipeline fransport and te hydrogen prodection plant), almoest B0% ol the sysiem waske isa resull
ofpower generaiion, Because most of the electricity in the L5, is generaied from coal-fired power planis
(517, LS. DOE, Tuly 1908, the majority of the waste will be inthe form of coal ashand flee gas clean-up
waste, There is also a small credit for e wastc avoided during natural gas production, distribotion, and
combustion -7, 1%, Althoweh this study did ned sccound for any solid wastes from the bydrogen pland itsg £
it should be noted that the only wasie siream from the plant will be a small amound of spent catalyst
generaled from the reformaer and shifl reactos abowl overy 5 vears,

Table 12: Solid Waste Generation
el 9% of eval [ronn e ol lerial 9% af kval %% of total
(kg HL) consEnictm & fremn mdural from Frevm av ol

decommmizionmg | gaaproduction | eleciricy apreratinm
& tramapon EEnerEn

Waste pemieraded 20L& iR T334 31.0% =T.1%

TA Sensitivity Analysis

A sensitivity analysis was conducted 10 examine the effects o Mvarying the base case sssumplions for several
parameiers, These parameiers mnd their changes are shown in Tablel 3, Each parameter was changed

ind ependently of all others so that the ke of its effoct on the base case could be assessed, Therefore,
no sing e sensitivity case mmﬂm or wiorst siteation under which these systems might operate.

Tahle 13; Varialle Changed in Sensitivity Analyals

Varishle Bsse cEe value Zenstlivity analya s oy
Anmnmt of materiab requined ke plant son section 4.0 kr detils decrese by incneEe by
cmsnichon S(Bs b8
Armami of maderiak nejumed e ppehine s section 40 e detsils decrexie by increse by
comdlructon el e (Y
Matural e losses % of gros production) 1.4% (L5 d%
Operating capacity facior 094 {40 095
e als recyoled versus maerals bk Alled 1525 S005d)
5 il resctarns HTS and LTS no LTS (HTS only)
Matur al g bodler a Titency % 4%
Hyedragen plant energy efliciency { HHY basia) B9 3s Bl
Sicam balmoe (oredit/dahit) erechit for excoss stemm (4.8 m crecht For exoess staan
M Pal; didnin for 26 MPastemn | (48 MPa) asumed 2.6 MPa
{seesectiom 20 & 340 shoam mawde irternal ly

L&
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Individeal energy andmaterial balances could not be obtained forthe natural gas prodectionand distribotion
steps (extraction, glyeol dehydration, amine gas swoetening, and pipeling ranspor), thorefore & sensitivity
analysis which varied the wellhead gas composition could not performed. However, from the DEAM
database a breakdown of the siressors show that the majority come from extraction and pipeline transport
and only a small fraction are the msult of sepamtion, dehydration, and sweeloning,

Table 14 shows the percem chang e from the base case in the major resounces, emissions, wasie, snd energy
c ion, Bedocing the hydrogen plant energy elficiency 9,3 percentage poinds has the largest elfect on
ih 15, with the siressors increasing by about 16%. Changing the natural gas losses affects nol only the
methane envitted Fom the sysiem, bt also the amount of WMC emissions beoause 4.2% of the natural gas
lost 1o the aimosphere is cthane and propane, The loss sssumed in the base case was 1.4% of the amount
remapved from the ground, For a 0.5% natural gas loss the CTL enissions decrease from the base case result
by abonst 49% and the WMHCs decresse by abowt 199, For a 4% loss the O, emissions increase by 147%
and the NMHCs merease by abowt 57% (sec Figure 4 a5 well as a discussion in the next paragraph for the
effect that the CH, has on the system’s GWF). Additionally, because there is a large amount of cnergy
consumed in extracting the natural gas, the energy consuemplion for the 0.5% loss case decreases by T and
increases by 22% for the 4% loss case.

Itis also inoporian to node that iTihe exoess stoam produced = the hydrogen plant can not be wsed by anothor
source, then the credit for the siressors due (o the svoidod natural gas production, distribution, and
combustion can not be applied to the overall system emissions. This would cause the natural gas
consumplion o go up along with several olihe system air ¢nussions, Beneense, 00, and CIT, all nereaseby
aboart 1 1% cach, Additionally, the non-feodstock enerpy consumplion wedld also increase significantly
(EFG ) Althowgh this incroase is large, it is importand 1o note that the majenty of the eneroy consumplion
is still e 1o the nateral gas feedstock. However, the change in encrgy consumption will affect the energy
efficiency and cnergy ratio numbors as discussed inthe Bllowing paragraph (also soc Figures 5 -8),

Figures 4 through B display the resuliing GWE, life cyele elficiency, external energy efficiency, nel endrgy
ratip, and extornal energy ratio, respectively, for the sensitivity analysiz. For comparizon, the base case
resuls are shown on these Aigures, Roeducing ihe plant encroy efliciency from B9 3% 10 80% increases the
GWPolthe system by 16%. Thisvanablealso has a large effectonthe energy balance of the system casing
the life eycke efficiency 1o drop aboud 25% and the net energy ratio 10 decrease from 066 0057, Theonly
ofhier variable that has a significant effocl on the system’s OWE is a change in the natural gas losses,
Reduc:ingﬂheMEa]fﬁ?;‘nﬁegmﬂ.ﬂﬂmdmmﬂmfﬂUPh}'M4%sﬂ increasing the neiural losaes
Lo 4% increases the G by 1 6% {again, refer to Figune 4 ), mmaﬂtﬂhﬁl}'m s¥slem
enerry balaince, For the 4% matural gas loss case, the net energy mtio decresses 3% (0066 100,64 and the
lifecycleefficiency decreases B% (-39.6% to =42.9%), Additionally, two other variables have a noticeable
cffect on the encrgy balanee ol the system: the case whene no steam credit or debit is taken and the case
where the boiler eficiency is reduced 1o 64%. For the steam case, 1 is assemad that the bydropen plang
prodeces the anount o Fsieam required for the process bol does not have a souree nearby which can wiilize
the excesssieam, The upsiream energyihal isavoidedin producing and distritwting natural gas which would
have boen combusted ina boiler can ne longer be crodited to the sysiem, This causes the net encrey mtio
to decrease by 1004 (0. 66 to 0.5 and the life cycle efficiency 1o decrease [rpm -39,6% 0 -52.8%. Changing
the bilor efficiency has onlya slight effect on the encrgy balance with the not energy ratio incressing 2%
{0665 1o 0L6T) and the life cyele efficiency increasing 6% (-39 6% 1o -37.3%),
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Figure 4: Sensitvity Results for GWP
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Figure 6: Sensitivity Results for External Energy Efficiency

Figure 7: Sensitivity Results for Net Energy Ratio
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Figure 8: Sensitivity Results for External Energy Ratio
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B0 Impact Assessmient

Life eycle impact assessment 15 8 means of cxamining and interpreting the inventiory daia from an
environmenial perspective. There are several options foranalyzing the system s impact on the environmend
and humtan health, To mect the needs of this study, categorization and less-is-etter approaches have been
taken, SeeSETAC (1997, 1998) foradditional details about the different methods available for conducting
impact assessments. Table 1¥ summanzes the siressor categories and main stressors from the natural gas
steam reforming, hydrogen prodection system. A discussion of these siressor categories as well s
information ahout the known effects of these stressors can be found in Spath and Mann {1999,

Table 15; Lopacis Associaied with Stresor Categories

Sineidor cateunriey Ltnessors hirer Topact Area 1
ey L= lacal {comiy)
H =human health | R = segiona] | slae)
Majr hfinos E = aculogcal (i = glohal
heaith

Chone depletion b (4] H, B B G
cotgrounds
Climate change Oreanhouse gases | 0y, CH, MO, OO | 1, B LW

amed MOk {mchinecty ),

WHET VT

Particu lades H, E L. R

Coyrdribnitrs Ei Phoochenmcal H[]‘, WiILH 4 H, B LR
Auciddi Fcation b 0 1, E Lk
ProCuTRIT
Conribniors to S0, HA 10 E L
COHTORIO
{Hlier diresard with WM, henipene H, L
tonic affocts
Resoarce deplatin Fpaai] Fuals, waker, E R, G

mmincrak, and ores
Eohlid wese Catalysks, H,E LR

caal ash (mdrectiyy,

Mua - £ & bz up

vl | mehinect]y)

9.0 Improvement Opporiunites

The compone i of life oyele assessment ko wn & improvement, is wsad to dentilyopponiumities for reducing
the envimnmenial impact of 2 system, From the sensitivity amalysis i isevidend thal the by drogen pland
energy eliciency has the largest effecton the sysien sITessors (TESoUNTCs, tissions, waste, and mergy use)
and thus this variable has the largest environmental impact. Bocause SME and shifi conversion are
comventional technologies where improvemenis have been made in the past, significant incresses in yickis
through chemges in fumace’reactor designs or catalysl types are nol expected. However, il is imporiant &
nipte that the hydogen t{nndmiim plant should be operated as efficiently a5 possible (o0 minimize the
environmenal borden of the system
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Bedocing the natural gas losses is an opportunity For improvement and this would impreve the GWE of the
system, The baso case analysis shows that 11% of the WP iz a8 resolt o nethane emissions and 76 wi%h
ol ihe tolal system methane comes from natueral gas lost during production and distribation, I the losses
wire reduced From 1.4% 1o 0.5%, methane would account for &% of the GWF instead of 1 1%, Redocing
he neatural gas losses woulkd also improve the energy balance olfthe sysiem, Depending on ihe composition
of the matumal gas, approximately 48,400 T of cnergy are lost per gram of natural gas that leaks to the
atmesphene (LHY basis). For the basecase, 2.7 M arelost perkg of H; prodoeced dnd this would be redoced
Lo 05 Mk of 1. i the natwral gas losses were only 005%, As discossed in soction 50, the Matural Gas
STAR Program is an industry consortium working to redoce meth ane emissions from nateral gas production
and distribidion.

10 Conclusions

Alihough hydrogen is generally considered o be a clean fuel, it is imporiant (o recognize that its production
may resultin environmental consequences., Examining the resouros consump tion, enr gy requirements, and
emissions from a life cyele point of view gives a complete picture o Nihe environmental burdens associated
with hydrogen production via steam methane reforming, The operationao fihe hydrogenplant itself produces
vary kw emissions with the exception of C0L. On a sysiem basis, OO0 is emitted in the largest quandity,
accouniing for 99 wits of the total air emissions and 89% o f the system GWP, Another air enmission that
effects the GWP of the system is CT1,, which primarily comes from the naursl gas lost o the stmosphere
during production and disiimgion. The cmgy balance of the system shows that for every 0,66 MT of
hydrogen produced, | MT of fossil ener gy must be consumed { LITV basis), From both an environnnental and
econamic stindpaint, it is impor to increase the energy efficiencies and mtios of any process, This inturn
will lead to reduced resources, emissions, wastes, and energy consumplion.  Fulure work will invelve
comparing this study with hydrogen production via other romes such & hiomass, wind, and photovoliaics,
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