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Two alterr at" ve energy sources, io-diesel derived rom algae and bio-hydr )gen
pro uced by a dark fermentation process, were fouD. to be possibly viable for
widespr ad se· the near future. With more esearch, they could be inte rate into ou
l1ergy inn ast CD re to lessen reliance on foreig oil as well as other fa il fuels. (=u ent

technologies an easibilities a e s mmarized and some recam en ations are p esented.

11



Acknowledg merlts:

III

pson a
als like



A c N

A

c --_.......·i·.-MENTS

1 IN a ive

2

3.

4

yd 'ad I n an 10- ydroge

2.1 iO-hydrogen roduction
2.11 ir€~c bio-photolysis
2.12 In irect bio-photolysis
2.13 arlk fermentation
2.2 io- ydrogen eactor Uses
2.3 uel ell C nsumptio 0 y ogen
2.4 ates f Bio-hydrogen P od cti n
2.5 ark ermentation Substra e
2.6 mall to large scale feasibility
2.7 tarch ark ermentation i - eacto s

Iga

riglycerides
roduction of riglycerides

4

5

8
8

11
11
13

1
1
16
16
17

n.." ...' .... N. IX

A.1:

A.2:
A.3:
A.4:
A.S:

,ydrogen

quations used to find ydrogen onsumption of
uel Cell
alculations from ates of Hydr en roductio
alculations from a k erm nta ion Substrate
alculations from Small to Large Scale Feasibility
alculations from Starch ark ermentation Bioreactors

,:2

::2
,:2
:20
:31
,:32

orrespo ence by - ai ::3
rrespondence with Agency of Industrial Science (~n

ecl nology :3
2: Correspondence with Kiran Kada of the at~onal f~en9wable

nergy abboratory :34
3: orrespondence with Energy fficiency an Renewiable

nergy Clearinghouse (EREC) :36
4: orrespondence with Sergio Cherenzia for WPI rofessor

Matt isen :37
.5: ornespondence with obert Galga 0 of Mass lectric ;37

IV



or espon ence wit
WW

ap ell f e So th )eerfiel
3

c y

v

4



· I ctio: I rn iv

Manind is using ore esources now han eve be 0 e. he i ed ,:States

alone consumed 98,216.2 tr"lIion U's of ener y in he year 2 )001. e s Irea

f humans ac S5 e globe, in a dition s bseq e t i dus ial and ecan mic

developments, ave increas d energy d man s, while he I rrlin sho a es

ossil fuels stresf he rgency of e search f alte a e ener ~'sources. A~

shortc ings an shortages of t a i ional sources of ene gy beCOrTle apparre ,

esea c is ein~) f cused bet er ene y sources wer vE~hicles, homes,

and a plian J s.

ssil fuells are deti ed as solid, Ii uid, r gaseous uels for e in e

grou aft illions 0 years by chemical an physical cha ges in dant ani

animal res· es I nder ig empera re a ressure. ii, atural ~ ,as, neal

are consid red f()ssil uels2
. AI er ative energy so rees are ge erally consi(je ed

to e anythin ( t defi ed as a f ssil fu I. site he range 0 ,different e E,rgy

so rc s at xis, he 0 Iy sou ces co side ed viable are those~ tha are

enewa Ie, asil~{ obtaine (after the appro riate research as l)een pe orrned),

a able 0 be easily in' egrate in 0 the urrent e ergy distribution ~ astr cture.

Ctas ge erally oi he irec io u e hy r e,n,

various y gen-rich fuels, uel cells, ho ov It i cells nd at 1e rne ho 0

direc solar er~~y collectio ,wi dower, iomass (and fuels erive it),

yd oelee ric ovver, ado a lesser exten, uclea issi

1



u

he ur olse x 10 ing alte native e er y passi iii ies is 0 'eliminate e

use of fossil fuels t a isru t e nat ral car on cycle of he lalne 6. enevva Ie

nergy will also hel t alleviate the curren c nc r t a we are! run ing 0 : of

fossil els a d hel prevent future canflic s over ssil fuel resou CE,S7. m<3jo

misconcep i ab al er a ive ener y is ha i will i p ave hE, nvironmel 1. In

most cases this is no likely to happen, cause to 0 s \Nould violae e

seco law f hE~rmo yna ics, vvhic sates the total entropy vvithir a sys E~

mus always incnease with time. T erefore, he enviro me is likely 0 s ay he

same becau a lIutant like carbon dioxi e (a major c n lor tC) gl al

2



warming and a roduct ur ing ossil uels) if n ,. ns or eel na u lIy by

ei her che . at If iological reactions, will emain inde ini ely in the

Vill"..,....._~ .......

he devello en of al erna ive f Is mus e 0 e c re ully y evaluatin

everyth', a gloes in 0 maki 9 the f el a i s yp fuel

efuUy studied may solve a curr .,nt proble ,bu nay also cre!'ate

other r Ie s tla will need to be addresse i t e utur 9. e iSlC'ue res Illtin

from insu e inc ease levels 0 CO2 i he a ()SP ere caus ..d

by he urning of fossil fuels" The elease (J . ca on f m cru e loil f els increases

the total rna S 0 carbon in he a mas here, a can no be revE~rsed10. A cclrbon

fr ITl tea mas here crea ~ 9 an campi fn~ a

carbon cycl ,i S' ea f a ding ore fr r ,sources wit I e ea h. Alter lat've

fuels such hy j ogen ai' i ··diesel ay e t answer to c E~ati 9 a art~on

ne Jt I energy urce.

rB

gen i eat al e a ive en., gy s urce. Hydr en ~s the hi~~ es

gravimet i ner~jY e sityo any know uel, i i compatible wi h

electroc emical'. d cor ustio processes r ener y c nversi()n11, a i is

clean burnin ,prod cin nly water when com u e . Major (wblacks 0 thi

fuel are that hydogen is ex remely ha d 0 roduce a s e. E>lora e of

hydrogen is iffi I due 0 i s small mole ~ular size. u rently) ~yd ogen is rr os

commonly kep ir igh ressure tank which Jal e ve heavy. other s udie

3



me hod of s rin~~ ydro en is in special aterials sue as zeoli' es12 which Ilock

he yd ogen in eir struct reo Storing yd oge ca also be V€!ry an erous due

to he x 10 ive r ature of the eleme .

Hydr en is he ost abu a el men in e ive 58, CC un in =or 90

perce t 0 the iverse y wei ht13
. w m I~V l n i itf pur

form since i aclily combines with 0 he elemen s. or exampl€~, hydrogen Ileasily

combines wi oxygen to arm wa er14
. hus, hydrogen is gener;ally pro uce' y

electrolysis wal er and s earn eformati n 0 atural ga ( eth' ne)15.

lee r lysis f wa er an e a carbon neu al DC S5 i sOllar rer y i use to

owe he sys en, owever electrolysis is us

generate y f ssil uel fire plan . his is n t a ca bon neut al process. t is

meth d ac un 51 abou 40/0 of he hydr n pro ce yearly' wor~ -wide'16.

Steam ref ati)n f na ural gas is c rr ntly the mas efficien process f

an acc unts for 480/0 of hy r ge roduce~ worl -wi le'17. I

this process nat ral gas 's stri e 0 hydro e an t e remaii Jar on is

joined wit xygE~n to for 2. St a re rmation f nat ral glClS is not a c< bo

eut al pr c ss; ii e i s large amo n of car ioxide, which cor ises ~9 0/0

of the tal issi ns y weig 18

2.

logi al

uc io is any process 0 r ducin hydr gen usin a

like he r JSS S s ed p eviously, t ese a e c rb

neu ral ec s j ey se car fr h atm sphere. ere are" wide ra

4



of iolo i al sys 18 s at ge e ate hy

t lysis, a d a k

n. se sys

19

s incl d di ect

2.11 i ct io-pl to ysis

sy hetic p wate 's k)lo ical cess

at can

eneral r

se I, d he ical e e y y e all win~

21120 light energy) 2'H2 + 02

io roge is achiev d y he e rivati o s Jlfu -

trien s i w ic ree e e riv i n of S~ If

e growt edes rotei e ree algae

0 e una Ie he e essary e ··11. der

s If r e iv ion, atoe mical a tivi y -II dos, an n es

ce y ro e Ie c n alsek wn as

2.12 In ir

yan

t ug tosyn esis vi e allow' r ess s: 22
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n t iti

12 120 + 6C02 light energy ) C6 1206 + 602

I r ~quire e S 0 cy n ac ia ar simple: air (nitr en an

xy en), wa r, r i eral sal ,a Ii t. his akes e ideal for energy

ra uc i n si e hey require Ii Ie s ste a e. he pr cesses ~llso c ea e littl

lIuti e odies f the bacteria ca be use . fee< tis 1

23
. Sp cie

yan ay ssess several e zymes di ectly ir valve in Ihyd og:~

r uc io. ese includ i 0 enases w ich c t Iyze he cI cti n of

hydr ge as a y-pr uc n·trogen e uc'o 0 am onia, u take

hyd e as s wi: ich ca alyze e oxi a i n 0 e syn hesize by he

ni rage as ,a eases w ave he abili y to oxi Lze

an syn hesize hyd ogen24
. e, i rage ase an irec ional hy () er s

fK i'l

reac' i n i e 1.

I ..
I

. i
e ----310!

t., .. i:·"H .. :~ __ N..i .

;) noll o.
cJ c1 eo

/'~_ ..-

:.!+

I
;'

"./

---: ~..__._.~ N ::.

up :
J:JJ.JcO:J :

p . --~ 2·· 2e
• kO.,

.idl e-e IQnal ydli'" en .e

---',....... !
:1(-.~ NADI.~

........_-_ , , ., -._- _ .

igU/i 1 ~nzymes and reaction involved in hydrogen prod c ion in

cyanoba teria25
.
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ya ce yd en in w ways. is i e iieal t he i e

10- 0 olysi ~ ho w ic is Ii ite y i s nee f ic ar ae bic

condi ions, v\lhile the other method is t e nitro ease reactio . J\lthough t e

i ra ease acti is a ende 0 ic r cess, er cys s it 0 en-fixi ~

o u io

n wi ery Ii Ie

m e cial

ce hyd ogen, un~iike ( irec

eplenis

cyanobac ave e a iii y

a ce26
. 's syste s

ap lica io s eCcl se it ca

bi hotolysi w ic nee erio ic rests

he e deus ~... u strate. owever e

i phD olysi re ve I w, w ic Ii i s eir r ctical s .

2.13 ark f m -' a ia

uce ya ac e i , r w e a k,

as s c se a d gl JC se.

ns ca e ope a e a -4 0 ), philic

he aph·lic (50-BO°C), 0 yperther ophilic (>80 0

eria a a a k fer e ac or ca e ha les ed fr

. ince sewage sl ac eri

e

w ic

sewa e slu

e

(40-60° ),

ajor

min

eta e caes

ge a e s ()re

ea

to non-hy

degrees Celsius. he

c

uri y th slu is a s art ti e

ydrogen ra uci en i ie in sewage

Clostridium ecies w ic a e esista hi h te
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WI S a th uriification r cess th othe b cte ia can not28
. lr e p of hie

sewage sludge miUS also be care Ily c n to aro n 5.5 , which is :he

repo e pti al ~~rowt H f r Clostridium29
. t er species of ;3cteria that

roduce hy roger i clu e nterobacter, and acillus. ark fernlen i:a ion oles

not p ce pure hydr gen as like the hydrogen roduce by direc and indir ct

ho olysis, U a biogas com rised prima ily of hydrogen aln car r dioxi e~, t a

ay ontain raCE~ amoun s of methane, ca bon monoxi e~ an lydroge

t ese im u ities hydro en p 0 ced by ark e r entation is at

oton exc ange me rane u I cells, W ich re ire pu e

en. S me brane ilte s may e sed

rodu e y da k er enta ion31
.

2. ro s s

e us as ist ibuti n cen ers hydrogl19

t e same way oil e 'neri s dis ibu e as line hey may also e use to ge Ie ate

-site hy en a fu Ii statio s fuel cell were cars. A iohydroger

eac r c ul even e s all nough 0 power single house's el c II, POW1!8 in

its electric I, eat, a doli sys e s.

e C ~ C 1..,'-'ll ••• ...,. o e

a biohyd 0 en sys e is a able of pr vi in~~ apron

exc an e mbra e fuel cell ( M ) with enou h hydrogen () genera e

energy for a se, he el cell size an he ra e 0 hy rage c ns m io

8



2.

he n ro ueti n me ho is rk fer entatio'.

inc ely Ihe s n,

rod ue Ii tin c ns.

si nifica t dr in he a 0 rod uld oceu ue t se(~s r al varial ces

in e len ylig as well as 9 icalloca ion an its·n eren hanges

s n ig I 34e . net e a e op .,ra e ()-

spas Ins it has a s ea y supply of suer se subs rate. he hi hest dark

er e t ne 0 in aiw tely 13.

)35" ·xe -be n~ae:o w iet

5e ac iva e ar 0 as t e ixe

in igure 2.

rno ilize he sewa E~ slud e sh w

* (All calculatio s used in this section are included in A pendix A.2)
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vcS

utle

i ui
Ef'Fluen

igure 2 a k fermentation activated carbon fixed d bi reactor. M'edi m tank is a

water suc~ se olutio. he liquid effluen is omposed of vola" ile fatty' aci ,water and

unuse sucrose. 80% of sucrose is consum and t rned int iJioga .36,37

e eac Is a a al v 3 0 a io time

yied f 2/ (I * h) was calc ate 0 t '8oretic Ily

vi e e kW M C if he ank's size wa

crease Ii rs a d the r e of p oduc iar wa 0

a ec ed 2,

y rogen er 0 Ir, W ic kW M C

a urnes avera e 1 kis

ap I 2 i s if a Ik (1 Ii E~r ).

er 0 e, a bior acto 2,26 Ii ers is at o na

ase e .

ure.

ak s da k e e ta i a v ry 0 ·si

o

y



e entia i e 1 ou. is act r waul e an ally 3L13, kg f

sucros er year, r 343.70 me ric to s. In t e i ed States here a e three

s vee

s a

et, a sweet sor

r er lee I e39 of

eric s er ec (~re40,

ca e,

ce 11.

s e hec a e41
. e tal a t) n

s, su

can

9

I ce 12 m

aj r su

average,

lante la d, s

sor u

ited Sates Arne i a is 57,5 ,5 0 eric tOI s. is c nes

s gar cane

ar f 0 S Iga ee s. ',ach

"'i h Y ra ,n.

et ic on ) f sugar f

iareacta

umes 344 me ic ons ()f su ar per

, 32, I 0 S42 ( 2, 97,30

0, 00 tel S43 (24,993,200

au

an

W el ell ee s a a k er e

Si ce a dark rmlenta i n io eac

y a, e Ita es t al su ar vi e en S J a 0

167,560 ark e rr e tation io eac ors.

II asi

., (All calcula ions used i this sectio are co tai ed in A endix A.3)

1: (All calculations in his sectior are in Appendix A.4)



at e 0 ula:io 0 e iteI t

tates was 2 1,421,90 44. Ig o' 9 t e by ind s ry an sine~"ses,

nd assu in t at everyone live in a f - erso ouse, there \Jvo be a

owere in M ssac es be p were y' rk

ac: s usi a su ose a e. Wo ces E~r

Massac s . d la est i y i w nglan 46, has a p la 10

he isw ul here ar

Qughly sinW ces ere y k

e e ai n eac s, W res e wo me

a ar, r 25.7 perce u ar

e' nie States. is i reasonab e al 0 t be

use 0 a si gle i y t at contai s only O. 6 ercent of the total po ulal i n

incr ase

t t«~s. he tot I pr ducti f s gar i he nite ~3 ates coul e

sugar r uc ion, bu e a i ion

the al s lik Iy e noug

si a ure sucrose su s rate is

tc tes.

a feasi I , way

tower e Sa es.

12



saeo e ype d k

ferm are any a her ex erim

t ne

tare is

seful ar f rme e s ar s bs e

la t io as Ie ici al ali was e, In

usir sue was es as s s rate dar fer io-reac' 0 S

w 9 Is lis ci s Ii wastes, an gen r

3,a s

vel pe a kwi

F
--
--,- "If

/Va .lr-

Porou
pia

,m

L ac te
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sl d fr a wrage rea m nt la t, ifi y iii arv'es ana ro lie

ac e ·a, seas Ciostridium50 w ic a e resista t t he

sucrose su stra e ioreac 0 s. he f the sew ge sludge ust also

care lIy c t ar n 5. ,w ic is the orte wt f r

lostridium51
. he actor used was a I ae in -be eaetor wit woki 9 v lume

f 3. ite s vvas era e at 35 e Jsly

delivered to t reae or y a peristaltic ump a diff ren rates to ,deter ine he

est il tio eeo p se .

co i i ns e

ferm ati 52 Ilee leac te, c vola ile fa Y' acids, t a I,

a water53 ea s were i aile a the IOlwe p of the,

ioreact e i gas r du i n w s as re usi awe as ete 54.

is sed 3 1.3 ra s was e, e pose 61.10/0

etables, a 9.20/0 ea , as a s f the o ( ~ solid

was e se i th eaet

e vola ile

371.7 was e nsi e e 0 e

ca be conve ed 0 a oretieal C (e 81, ical

xygen

actual C

). r ae was 412. ~~. e eae ( rs

r 80/0 icien in E~eornposing the

ose t

hy ogen is 1 gra C 55, 2.5 3 ()Ies 0 hyd ()gen

o ueed was 10% 0 he total () educ ion

o e ,volatile a ty aei s an tha I.

were r

c m ose

was e.

hydrogen.



e ni ate was es 9 illi n pus f· a vvas annually56.

Iy 44, 0 , 00,000 k . If ea f

9 C uld e sled u to pravid 12

w s e 3 1.

aes r gen r uc i

kg 0 f ad w e. ased on

r d es 2. les f yd a e , he

ual 290 ill'on ales en. in e a 5 kW EM will ()nSUlme

ve

a ely his is r ~y a out

,355, 0 '**). is is e ta

y a , he

27c~, 00 5 kW M

m ha ses i

1,050,

app

t a cr se su stra ·a erme a ion ioreac or whic ;an OWE~r

a e ective way t p v~e t e U i E~

Sa es

may yiel

a.

res Is.

e evel eac r

iodie I is istributed in several ades, ranging from 5, cal ised of

5 Yo I ies I, ,w ic is r bi esel. ir e

eci ica ion 75 they an e burne in reg liar

iesel e in si ce ue io iesel meets M s e i ic k) 7 1,

an e e s s well as any m ifie iesel

** efer back to s ction 2.6.
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engine5
?, 58. ecause f is, iodiesel can e tre te he same c3S e oleu

iesei i er s of dis ri ution and use.

iodie I is enerallyobtained y th cess r nses E.,rification, in

which triglycerides ( ils) are co bi ed with e hanoi or m tl an I i the presence

of a catalyst t for es ers.59 ne ype il ha can be sed in his r ces,--\ is

obtaine fr algc3e. hrough syn h sis, al ae c nvert w ter an CO2

sugars si the a sorbe e er y f om sunli . orne Igae can then 0 e t

sugars as fat i siide thei cells. h two ain yp S 0 algae a1t a E, m s

oductive i t is pr cess a diatom nd gr en al ae, r~marilyr bevause ey

naturally star lar~ amou ts fils i heir ells. 6o

.2 __ Il"'IrY1l_ ri lye N

o ere te triglycerides i a cell, fa yaci s a e firs co bined ether 0

form Acyl-C I yl-CoA is a atty acid ( 15) with cae zyme A (CoP\) a tact e

via a i est iacylglyc 01, forme ro asp a adie aci ,is t e

com ined wit e'yl-CoA to for tri Iy e i es and wa er.61

3P"'reeFattyL'4cid(FFA) glycerol f--'7triglycerides + water 62

3.3

e roeess by hieh an ester oup is ,xc angle

WI a re ,nerJetie ale 01 to f r di eren es er. his remc~ves .h gly ';erol

grou rom h lipids and leaves rnethyl- s ers, whie can e USE, as biodiesel.

he oils are nerally reac e wi h ethan I an ea alys pnD uce Iyeerin

16



and methyl-esters. The catalyst is usually sodium or potassium hydroxide, and

the methanol is evaporated and recovered for reuse. The glycerin byproduct can

be sold to make soaps.63 Figure 4 displays the steps in transest~9rification.

Figure 4 - Processes of Transesterificatioll,64

3.4 Co ce t

One design that could be used in a large-scale algae farml is a circular,

raceway-type design, as seen in Figure 5. The pond is only a me~ter deep

because no useable amount of light penetrates water beyond thcit depth. The

shallow pond design allows for maximum light absorption by the algae. Waste

CO2 is pumped into the pond to allow the algae to fix it with water to make sugars

and oils. As the algae go through their normal life cycle, sugars eIre used as food

for the cell a d oils are stored in cell membranes. 60

17
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igure 5 aceway algae pond design 60

t e re ve f e a eo s s I ion

hE~ est of he water s~)lu ion. he

a gae are e lyse ,an e ell walls an a elles

e i eren e he ensity the il an her cell I r

nc e ils are arves m e algae hey

e che 5S f t anses eri ica ion to pro uce bi iesel 60
. e s gars

se ara ed r ells are a was e t9 S ars ay

i ize roce ses tans esc rs, Ii e ark

fe men ati

atic pe ies al ae far wa a

a rams algae

ee al ae is ey ar ve 5 Yo oil by wei

a Ie 1 shows Ie op imal aci ity uilt i New ME~xic(. he lir)i

oI a ; teo her I is at. eta alis

rotei sugars.55
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r----~--------~----I-----------------.--

6 [kcal]

asis

aboratory

possi I

activate

ISO . tec 01 gy an genetic e gineerin hElve evealecll a

~3 e f r algae to roduc more Ii i s. he tile e e can be

y in cin s ress n he or anism:l uch as y deprivin e me i;a of

s. Sue u rie t5 are Silic I (8i) an he lack 0

ifts he meta olic athway of Imaking car hy r 1tes to making

c !s the ate of cell divisi n ec u e Si is a clone t in iatom

esse ial nutri

5i in he diet

lipids, a d

cell wall .60

a Ie 2 lOWS he e Ic I io s al ale f as ,~d on

ata fro

1000 m2 ca

ew Mexico pia . r algae far wit a pond size of

r d1uce 6 1,791 million kc I/ye,ar. e kc I/year can b~e onvE~rted

19



into ot er us flu its such as kW lye , allof oil/ye r, a barrels oillyec r.

he 1000 m2 pond an ra c 8. 8x108 kW every yea .66

·---l,000

,---------
:~_.;._~. __:!_ !:____Jt_..:L . _

he algae fa facili y 0 5t uc ed in ew ~Aexic wa 1 ,0 2 of,

w ich only 1, 00 i11
2 was 0 d a ea. his I n a ea is ra h y the size f tW(

soccer iel 5 ,() 2 per socce ield). II f j calcula ions lin his I all"

made wit tass pion t a for every 1,00 2 f 0 are, ,O()O 2 f

facirty are ne essary t p ess th al ae ad ce . Since t e f~3Cili' ~{ size

versus _ I iz, nnay 0 scale lin arly, t is es i ate ay e t s II r toe)

arge, bu i is ecessary i r er 0 r vid a aug ale lati C~ th la d

re ir d fo a fa iH y 0 a larger scale than was stu ie .

h t ir lal est ci y in ew gla 67', he ity 0 W ces er, consurr e

1.5 billio Wh lee rici y in the year 2 2, as see i i Table 3.
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a) e 3 - City of Worcester Consumptio (Mass Elect ic)

"3~o!t:,r filar 8,:~{ 'l
B..t.' ... n"· n

Bet\'tieen (I and -2 ::{,

:Bet\fter..n -2 and -4 t;b
L.ow·r:::ithdfl _l':~
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Since the IDutput of the algae farm is 808 million kWh/yealr, the City of

Worcester w uld only need to appropriate 18,000 m2 for an algcle fa
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care ul rese r h (nd evelopmen. ne e e i t developin del k fermentation

is that i can e a carbon neutral e er y s urce. In ad i ina f () taste dark

fermentation ioneac or can utilize was es. ·s makes foo waste ioreac C1lrs a

truly enewa nergy so ree. her develo en 0 fDa was e biD eact()rs

may i creas ra en rod eti n to levels Cel a )Ie f

sustai i 9 a ilon of he United a es' ner y needs. e adejitio orgc.inic

municipal waste, such as animal and h man waste, in a dition tiD fo ld wastE~

may sig ifica tly i c ease hydrogen produeti n levels.

·odi ,s I is a rove te hnol y hat h' s reveale few problE.,ms in he

past, as 0 w ic can e e rree ed hrough su ges e resolutions. iodiesel

can e easily i te~ ated i t e curren e nomy wi few e a Iges 0 current

les I e in, '.

io-hy rO~J n an b·o-diesel are two energi s t a are both carbon nE~U ral

and renewa Ie. f30th can e arveste ,. ueed easily. A~I h 9 the

in st uct is ot yet adeq ate or y r gen, he ossible benefits 0 oth

ener y fo m war an urthe inves iga io .
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79

Maximum

L1 f
'1 max =--
- ~hf

Key: y/_lna = Maximum The modynamic Efficiency, ~gf= Chanae in Gibbs.free energy,

MIl = Change in enthalpy afformation

Maximum /I Voltage

-~hf
max=--- z·

ey: E"_ma =Ma:x:imum cell voltage, MIf= Change in Enthalpy (~(jormation -- =

number 0.( Ie 'tlons transferred per molecule, F = Faraday' Conc;tant

. V C
ell e clency = _ -

- ax

y. V_c = Cell voltage, E_max = MaxilnuJ11 cell voltage

vera" Cell Efficiency

ey: 17 = 0 erall Cell Efficiency, fJ,J= Fuel utilization coeffi ien, T/~c == Cell vo/taO"e,

E"_max = Maximum cell voltage

ate of H2 consumption for a single ell

I
'u I u a e=--

- 2· F

ey: I = Current, F= Farada)' onstant

ate of H2 con
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I· n
fuel usage =--

- 2·F

K y: I = Current, 1?= Faraday Constant, n = Number 0.1cells in stack

Pe=Vc·l·n- -

ey: P_e = output power, V_c = C'1ell Voltage, I = Current, n =Number o.Jrcells in stack

Alternal e hydrogen cO/1sumption equation output in mole/sec

P e
fuel_usag = 2. V-c· F

K y: P_e = output power, V_c = ('Yell voltage, F =Farada)) constant

Converting mole/sec to mole/hour

~~ey: S = Seconds in a minute, M =Minutes in a hour

27



'Ie V LII .........,t J ·

2

6 8

- ... - .• ;. .__ .... _.-

-_•• ~ ' ....... --••• -..... ••• ... - ~. f'" _ •• - _. ._. - - • __ ._- - •••- .. -

ll_max

~ f

-2858 0 ~

-1 29

ic

... - ......,... _.. - ..... .. ... _._ .....- ..

I

J- •.. _ -- - "'-' _-- --- - - .. _ .

ax

ienc I

1. V Is
IVlax·
\/01 e

II

. 7

.9

'(~ell V e

if el iliza i In
coe~ icien

H

.- - .. - .. ,- -- ... "f ... -- - - - ...

'.49 5887 0 4
~ ver II cell
~9ffi iency

. 332 15

5 00

N

18. 852374 9 s

1

..,

Wa

M

el 1 9. 4 33 1 2

28

c
Mi s
M Ie I



1) onve

2 1 iter OUf.

ra e 0 (1.32 iters 2 1 iter c I urel au 80) 0 (Ml les

is an i al as

= empera ure (Kelvin ()nly)

Key: = r ssu e, V= Volum

ons

=Nu ber oles, = niversal as

eac io .ake lace a 101.3K (1 a 1
82) n 303°K

(3 C)

Ol.3KPa *V = .OOlKmole *8.314KJ /(Kmole *Kelvin) * 303K~elvi

V=. 48K:liters W ie e uals 24.

303K n 1 a osp ere.

gen er Ie rd ogen at

Ie 2/2. ) =.0 39 ole

he realC r pr duces .053 m les 21 iter Cui urel our

) (11 .7 lies 2/ r) / (. 3 m r =22 8.49

it rs re ee c 11 .7 Moles e hour.

22 Ii ers to mak s re en hy r ger is p uc

sine roduction rates can vary83.

3) o v rtin Gallo s 0 i ers.

A) i i ] * 3.785 12 = 1 iter84
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1) aleula i co suer 5e.

) W n I e ydra lie re en ion ime is e ho r a d he rate 0 sucrose

su r er Ii r sol in.

17.8 * 2260 Ii ers =4 ,228 r 40.228 Kil r

) 40.228~<gl 0 * 24 u sl ay * 3 5 yslYe r = 3 7 8K or

343.70 Mle ric ons
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) er eo
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1: Co res ce wi Agency 0 I dus rial Sc'ence and ec nology

----- Original Message ----­
r m: James Ehnstrom

: webmaster@aist.go.jp
Sen: hursday, October 30, 2003 7:02 PM
Subjec : [AIST]<-

I am part of a resea ch group doing a study on Biodiesel production from Algae. I was looking at some information from
your site and could ot obtain some necessary information. I am currently researching the amo Int of nergy produced
from 1 gram of algae per square meter. These n rnbers come from another source,

A oak Back at the .S. epartment of Energy's Aquatic Species Program: Biodiesel from Algae
ould you please send me any infor ation that you may have concerning this subject. Any and all help ha you could

provide would be v ry much appreciated.

James Ehnstrom
Wo cester olytech i J Institu e

----- Original Messa e -----
From: "EREC - Hes e, a I" <phesse@nciinc.com>

0: <jte@WPI.EDU>
Cc: "Erec Responses" <erecresponses@nciinc.com>
Sent: Tuesday, November 04 2003 10:23 AM
S bject: 756751 - e: 'Ask An nergy Expert re: biodiesel from algae

***********************************'k****************************************
Energy Efficiency and enewable Energy Clearinghouse (EREC)
PO Box 3048, Merrifield, VA 22116
Phone: in USA: 1-800-363-3732
Email: doe.erec@nciinc.com

Dear James Ehnstrom:

-han you for your inquiry to Ask an nergy xpert, a service of the U.S. Department of Energy's Ene gy Efficiency and
Renewable E ergy Clearinghouse (EREC), as follows:

InquiryText: I am art of a research group doing a study on iodiesel and Biohydrogen producfon fronl Algae. I was
looking at some inf rmation from a paper and could not obtain some necessary information. I arn currently researching
the amount of ener y produced from 50 gram of algae per square meter. These numbers come from:
A Look Back at the .S. Department of Energy&#8217;s Aquatic Species Program: Biodiesel from Algae
Could you piease se d me any information that you may have concernin this subject. I am in erested in information
concerning energy co version from gram of a gae to gallon or liter of Biodiesel. I am aware of the plant that was
constructed in oswell New Mexico, but not the particulars. Any and all help that you could provide would be very much
appreciated.'

That document is pre y much what you're going to find related to governmen funded research ir to that topic. Additional
potentially useful information/sources of information:

www.afdc.doe.gov
www.blodiesel.org
www.pipeline.to/biodiesel/
www.americanbiodiesel.com/
www.soygold.com/Default.htm
www.oly.com
wv..fW.bioxcorp.com
www. veggievan .orqi
www.woodqas.com/DoltYourself.htm#Diesel
www.dancingrabbit.org/biodiesel/makeit.html
www.dancinqrabbit.org/biodiesel/resources.html
www.sierrarailroad.com/powertrain/index.htmI
www.eere.energy.gov/consumerinfo/refbriefs/ta2.html
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Articles from Home Power magazine ( www.homepower.com )
IWGoing Pro with Biodiesel," E. Kolod, (No. 89) pp. 24-29, une/July 2002. Describes small-scale, commercial biodiesel
production.
"Getting Off the Pet oleum Grid with Biodiesel," S. Durkee, (No. 93) pp. 32-39, Feb/March 2003.
"My Car Runs on Vegetable Oil. ...Straight Vegetable Oil," G. Leis, (No. 95), pp. 70-74, June/July 2003.

"Biodiesel Compan Sets Fast Pace with Waste Materials," D. Emerson, BioCycle, (44:03) pp. 50-51, March 2003,

Energy Balance/Life-Cycle Inventory of Ethanol, Biodiesel, and Pe roleum Fuels," MN Dept of An.,
www.mda.state.rnn.us/ethanollbalance.html

"Biodiesel: A Cleaner, Greener Fuel for the 21st Century," A. Wilson, Environmental Building News, (12:1), pp 1, 7-15,
January 2003.

VVe hope this helps, and on behalf of the US Department of Energy thank you for your interest in energy efficiency and
renewable energy. Please contact us again if we can be of additional assistance.

Sincerely,
Paul Hesse

NOTICE
his information wa,'" prepared as an account of work sponsored by an agency of the United States government. I either

the United States governrTlent nor any agency thereof, nor any of their employees, makes any warranty, express or
implied, or assumes any IE~gal liability or responsibility for the accuracy, completeness, or usefulness f any information,
apparatus, product, or process disclosed, or represents that its use would not infringe privately O'wned rights. Reference
herein to any specific commercial product, process, or service by trade name, trademark, manufacturel, or otherwise does
not necessarily constitute or imply its endorsement, recommendation, or fa oring by the United States government or any
agency thereof. The views and opinions of authors expressed herein do not necessarily state 0 reflect those of the
United States government or any agency thereof.

2: i~ Ka h Nati n I R new Ie net' y

----- Original Message ----­
F 0 : James Ehns rom

0: rnichael oacheco@nrel.gov
Sent: Thursday, October 30, 2003 7: 16 PM
Subjec : Biodiesel conversion

I am part of a resea ch group doing a study on Biodiesel and Biohydrogen production from Algae. I was looking at some
information f om your site and could not obtain saIne necessary information. I am currently rese:archi 9 the amount of
energy produced from 1 gram of algae per square meter. These numbers come from
A Look Back at the .S. O,epartment of Energy's Aquatic Species Program: Biodiesel from Algae
Could you please send me any information ha you may have concerning this subject. Any an all help that you could
provide would be v ry much appreciated.
James Ehnstrom
Worcester Polytechnic Institute

----- Original Message -----
From: "Kadam, Kiran" <kiran kadam@nrel.qov>
To: <jte@WPI.EDU>
Cc: "Finkelstein, Mark" <mark finkelstein@nrel.gov>; "Pacheco, Michael" <michael pacheco(wnrel.qoy>
Sent: Tuesday, Novelnber 04,2003 12:22 PM
Subject: Biodiesel conversion

To: James Ehnstrom (Worcester Polytechnic Institute)
Re. Algal energy
VVe did some cost analysis a few of years ago, and I can give you the numbers
frorn the same. Please bear in mind that the analysis assumes optimistic
criteria/operating parameters, i.e., they represent a mature technology
rather than what is achievable today. With this caveat in mind, the numbers
are as follows:

Facility size ha 1,0 0
. otal C02 processed mUyr 204,176
Lipid content vvt. fro dsb* 0.50
Protein content wt. fro dsb 0.26
Carbohydrate content wt. fr. dsb 0.16
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Ash content wt. fro dsb 0.08
Productivity g/m2/d 45
Algal production, gross mt/y 104,490
Lipid production, gross mtly 52,245
Energy of algae produced 106 kcal/yr 691,791
"'weight fraction dry solids basis.
You can calculate the required algal energy parameter from the table. You
can also check out the following papers:
rVlicroalgal Technology for Remediation of C02 from Power Plant Flue Gas: A
Technoeconomic Perspective," K. L. Kadam and J. J. Sheehan,World Resource
Review, 8(4),493-504, 1996.
The Use of Microalgae for Assim'lation and Utilization of Carbon Dioxide
frorn ossil Fuel-Fir d Povver Plant Flue Gas,ll Zeiler, K. G., D. A. Heacox,
8. T. Toon, K. L. Kadam and . M. Brown, Energy Converso Mgmt., 36(6-9),
'707-712, 1995.
Power-Plant Flue Gas as a Source of C02 for Microalgae Cultiva ion: Economic
Impact of Differen Process Options," K. L. Kadam. Energy Converso Mgmt.,
38, S505-8510, 19 7.
Environmen al impli ations of power generation via coal-microalgae cofiring.
K. L. Kadarrl. Energy 27(10), 905-922, 2002.

Hope this helps. Let me know if you have any more questions.

Kiran Kadam, Ph.D.
National Renewable nergy Laboratory, 1617 Cole Blvd., Golden, CO 80401, USA
Tel. - 303 384 6829; Fax - 303 384 6877
e-mail - kiran kadam@nrel.gov
« OLE_Obj » <http://www.nrel,gov/biotechnology>
« OLE_Obj » <http://www.nrel.gov>

----- Original Message -----
From: "James Ehnstrom" <jte@wpi.edu>
To: "Kadanl, Kiran" <kiran kadam@nrel.gov>
Cc: "Finkelstein, Mark" <mark finkelstein@nrel.gov>; "Pacheco, rvlichael" <michael pacheco@nrel.gov>
Sent: Monday, November 10, 2003 2: 16 PM
Subject: Re: Biodiesel conversion

Some of the information prov'ded is a little confusing to me, please
clarify.

Facility size ha 1,000
Does ha stand fo hectare? which means 10,000 m1\2? Is this the size of the
entire facility i.e. pond, refinery, storage tanks for C02? he
information provided in
A Look Back at the .S. Department of Energy's Aquatic Species Program:
Biodiesel from Alga

talks about 1,000 m1\2 pond systems. Were they simply refering to the pond
size and not the size of thE~ facility?

Energy of algae produced 106 kcallyr 691,791
Is 106 kcal/yr mean the actual value would be 691,791 * 106 = 7.33 * 101\8
kcal/yr? An advisor of 11li Ie suggested a missing symbol 101\6, actual value
of 691,791 * 101\6 = 6.9'1 * 101\11 kcal/yr?

James Ehnstrom
Worcester Polytech ic Institute

----- Original Message -----
rom: "Kadam, Kiran" <kiran kadam@nrel.gov>

To: I"Jarnes Ehnstrom'" <jJ:e@WPI.EDU>
Cc: "Finkelstein, M rk" <nlark finkelstein@nrel.gov>; "Pacheco, Michael" <michael pacheco@nrel.gov>
-=:ent: Monday, November 10,2003 7:30 PM
Subject: R : iodie el conversion

Answers to your queries:

"Ila" does stand for hect re; this is standard 81 notation.
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1000 ha is pond area. It is a key parameter since it impinges on excavation
costs and algae productivity. he cost of peripheral land is not
significant. If the mentioned DOE report states 1,000 m"2 pond systems, it
is referring to the pond area and not the size of the overall facility.

Energy of algae produced is 691,791 million kcal/yr. My original table had
superscripts and your server does not support the format.

Kiran Kadam

.3 C rrespon enc
( C)

i h n Ii Y iciency nd new nergy C earin J'lo se

I am part of a research group doing a study on Biodiesel and Biohydrogen production from Algae. I was looking at some
information from a paper and could not obtain some necessary information. I am currently researching the amount of
energy produced from 50 gram of algae per square meter. These numbers come from:
A Look Back at the U.S. epartment of Energy's Aquatic Species Program: Biodiesel from Algae
Could you please send me any information that you may have concerning this subject. I am interested in information
concerning energy conversion from gram of algae to gallon or Ii er of Biodiesel. I am avvare of he plant that was
constructed in oswell New Mexico, but ot the particulars. Any and all help that you could provide w uld be very much
appreciated.

Jarnes Ehnstrom
AIM jimmyjarnes13'183
cell 5086621588

----- Original Message -----.
From: <Donna.Gindes@EE.DOE.GOV>
To: <jte@WPI.EDU>
Sent: Tuesday, November 04, 2003 12:28 PM
Subject: e: Biodiesel Research

Hi -

I'm checking with colleagues about your request, and either the appropriate
colleague or I will ge back to you.
I'll be out of the office next week (and most of this one),

Thank you for your interest in renewable energy.

Donna

Donna Gindes
Public Affairs/Communications
U. S. Department of nergy
Boston Regional Office
Tel: 617-565-9714 Fax: 617-565-9723
www.eere.energy.qov/brol

----- Original Message -----.
From: <Donna.GindesCmEE.DOE.GOV>
To: <®.@WPI.EDU>
Sent: Friday, November 07, 2003 3:52 PM
Subject: Re: Biodie el Research

Hi -

Someo e in the U.S. Department of Energy's Biomass Program in the Office of
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Energy Efficiency and Renewable Energy in D.C. should be back in touch
with you on this in the near future.

All good wishes with your research.

Donna

Donna Gindes
Public Affairs/Communications
U. S. Department of nergy
Boston Regio al 0 ice
Tel: 617-565-9714 ax: 6'17-565-9723
www.eere.energy.qov/bro/

.4 erenzia for Ira ess M t isen

----- Original Message ----­
r : James Ehnstrom
0: mathisen@wpi.edu

Sent: riday, November 21, 2003 12:05 PM
Su ject: Institute Pond

I'm doing my IQ on iodiesel and Biohydrogen p oduction f om Algae. I determining the feasibility and pactical
application of this technology. I am trying to determine the size of Institute Pond, and was given your name. if yo could
please forward the necessary information that would be very much appreciated.

James Ehnstrom
Worceter Polytechnic I s itute
cell 5086621588

----- Original Message ----­
fa : Sergio Cherenzla
0: ite(Q)WPI.EDU

Sen: Monday, ec mber 08, 2003 11 :20 AM
Su .e : Info on Salisbury Pond

ames,

I'm responding to y u with regard to the information you requested from Professor Mathisen. I an1 one of the students
worki g with him on an M P surrounding the high sediment loads entering Salisbury Pond, essential! filling it up and
threatening the future existen e of the pond. I believe Professor Mathisen mentioned sending YOIU the uface area,
volume, and flows entering the j let at Salisbury Pond.

Surface Area - '14.54 acres
Volume - (1987) - 2.06 X10A6 ftA3

(1977) - 2.56 X1 OA6 ftA3
(1973) - 4.24 X10A6 ftA3

The volumes were taken from an MOP (Salisbury pond ediment dredging feasibility study, April 2001), referenced from a
study conducted by C M (camp, dresser, and Mckee). As you can see, the pond has been filling up, and the volun1e has
probably reduced si ce 1987. Their study may have more information for you.

As for flows, it will vary f om rain even to rain event. The west culvert entering Salisbury Pond contributes slightly rnore
flow an the east culvert. During one rain event, we recieved about .7 inches of rain. The intensity of the storm was not
consistent, but there we e two peaks in rainfall intensity which translated into a couple condi ions of high flow. The typlical
low flow conditions resulted in 3 - 5 cubic feet per second. he high flow condition was about 40 cubic feet per second. In
between these two conditions the flow ranged between the two.

If there is anything else hat I can help you with just let me know. I'm not sure the scope of your vvork, so hopefully this will
help. Good luck with your project.

Sergio Cherenzia

rr'esJoonorence wit

----- Original Message ----­
r m: Galgano, obert D.

rt al an M s lectric
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o: jte@WPI.EDU
Sent: Wednesday, December 03, 2003 1:52 PM
Subject: KWH Sale

This chart shows the inforrnation for kVVH sales for the cities and towns in Central Massachusetts served by Mass
Electric.

he city ofWo cester had 1,456,734,196 kWH in 2001, a d "1,475,927,721 kWH i 2002.

Robert D. Galgano
Manager of Distribution Planning and Engineering,
Bay State West Divi ion
Massachusetts Elec ric Company
939 Southbridge Street
Worcester, MA 01610
508-860-6358

Attached Chart.

-.---- Original Message ----­
r n1: James Ehnstrom

: Galgano, Robert D
Sent: Wednesday, December 03, 2003 3:37 PM
Subjec : Re: KWH ales

Thanks for the info. Very rnuch appreciated,

J mes Ehnstrom
Worceter Po!ytechnic Institute
cell 5086621588

'eSJDono'ence wit n erfiel WW

--_..- Or'ginal Message ----­
rOOl: Jarnes Ehnstrom
0: sdwwtp@valineLcom

Sen : Monday, January 1 I 2004 12:54 AM
Sub'ect: Biodiesel Research

I arn part of a research group doi gas udy on Biodiesel and Biohydrogen production from Algae. One possible site fo
an algae farm woul be a wastewater treatment facility, usi g 'he waste as a carbon source for the algae. I am curious as
to what the total area of your treatment tanks 's, specifically where there is a high concentration of ca bon, Could you
please send me any information that you may have concerning this subject. Any and all help that you could provide would
be very much appreciated.

ames Ehnstrom
Worceter Polytechnic Institute

----- Origi al Message ----­
om: Don Chappell

0: James Ehnstrom
Sen: Wednesday, January 21, 20 4 11 :47 AM

ubjec : Re: Biodiesel Research

It sounds like you have an intriguing idea. We have two com lete mix aera ion tanks 681x68'x151 with total volume of
5 0,000 gallons each.

Don Chappell C ief Operator
South Deerfield WWTP
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