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LEGAL NOTICE: Th i s  report was prepared by the General Electric Company, Re-entry 
Systems Pivision as an account of work sponsored by the Gas Research Institute 
(GRI). heither GRI, members of GRI, nor any person acting on behalf o f  either: 

a. Makes any warranty or representation, express or implied, with 
respect to  the accuracy, completeness, or useful~oss of the 
information contained i n  this report, or that the use of any 
information, apparatus, method, or process disclosed i n  this  
report may not infringe privately owned rights; or 

b. Assumes any l iabi l i ty  w i t h  respect to  the use of, or for 
damages resulting from t,k' use of, any information, apparatus, 
method, or process discqosed i n  this report. 
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The Marine Biomass Program i s  a Research and Development Program which has as i t s  ow 
a11 object ive the development o f  integrated processes f o r  pr lduction and harvesting o f  
ssmeed i n  the ocean and conversion of tha t  seaweed t o  metha 2 a t  costs competitive, on 
commercial scale, d t h  other alternate energy production systems. 

The General E lec t r i c  Company has been the prime contractor i n  the conduct of t h i s  R&l 
Program f o r  the Gas Research I n s t i t u t e  since December 1976. The United States Departme1 
o f  Energy has also sponsored research on t h i s  program by funding t o  the Cal i fornia Ins t .  
tu te  of Technology, and has provided addit ional support t o  the program through a cooperi 
t l v e  grant made t o  General E lec t r ic  i n  1978. 

Experimental data has shown that  control led cu l t i va t ion  o f  macroalgae i s  feasible, ar 
that  fuels can be derived from marine biomass feedstocks. Extensive work wi th  Macroc s l  
has fndlcated that  i t  can be grown i n  the open ocean when f e r t i  l i zed  by a r t i f i c a  7-y- l y  up- 
welled deep ocean waters. Kelp tnut  derived has been shown t o  be favorably suited t o  
methane production by the process of anaerobic conversion. This report expands upon t h i  
data base wi th emphasis on tk technical and economic requirements o f  the c r i t i c a l  paran 
eters associated wi th  biomass y i e l d  and overal l  energy balance. 

Biomass, Macroalgae, Kelp, biogasificaccion Methane, met hanogenesis, anaerobes, fermentor 
Macrocystis. 

fnoculum-development; Biomass-conversion; anaerobic-digestion, marine-inocula; 
digestion-reactors; synthetic-fuels , off-shore-test-farms. Deep-water-upwel 3 ing. 
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GRI COMENTS 

The work described i n  GE's Marine Biomass Progran Annual Report 

f o r  1979 was accomplished while the program was a t  a re la t i ve ly  

low funding level  due t o  cafunding delays. During th is  'mainte- 
nance phase' , the program was kept in tac t  though relatively 
l i t t l e  new research was in!tiated. Despite t h i s  pmblem, GE 

and i t s  subcontractors performed excel len t  work and even achieved 

s ign i f icant  milestlones by demonstrating tha t  adult plants can 
reproduce i n  the open ocean and tha t  growth can be stimulated 

by a r t i f i c a l l y  upwelled deep ocean water i n  juveni le and adult 
kelp plants. This program w i l l  remain i n  a 'maintenance' mode 

u n t i l  cofunding 9s obtained and the t es t  farm i s  modified. It 

i s  anticipated that  farm modification w i l l  be i n i t i a t e d  during 

the summer o f  1980. 
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Contractor General E lec t r i c  Company 

Prfnci  a_l 
d c t a t o r  Alar, N. Tompkins , Program Manager, Biomass Programs 

Time Span January 1, 1919 t o  December 31, 1979 

& v m n t r  e The Biological Test Farm, deployed approximately f i v e  miles o f f  
the coast o f  Cal i fornia a t  Laguna Beach i n  September 1978, was 
msintained a t  operational readiness during 1979. The re1 i - 
a b i l i t y  o f  the t es t  farm's upwet l i n g  pumping system was raised 
t o  the required leve l  o f  85% through aodi f i ca t i  ons incorporated 
i n t o  the fuel  feed system, engine contrel system and e lec t r i ca l  
system. Changes were made i n  the tes t  farm dispersion system 
t o  preclude damage t o  kelp plants caused by t h e i r  ingestion i n to  
pump discharges during ~ e r i o d s  o f  pump shut down. 

A serf es o f  design studies were conducted which resulted i n  
ident i fy ing several potent ia l  modifications which are exbcted 
t o  mfnirnize the problem of kelp abrasion and entanglement en- 
countered a f t e r  the f i r s t  tes t  farm planting. 

I n  May 1979, an extensive population o f  juveni le plants was 
observed on a l l  underwater surfaces o f  the tes t  farm substrate. 
These juveniles were the resu l t  o f  the recruitment o f  spores 
released by the i n i t i a l  crop o f  adult  plants, and t h e i r  early 
growth was stimulated by strong natural upwelling thru June. 
A modification was incorporated i n to  the t es t  farm dispersion 
system t o  provide upwelled water d i r ec t l y  t o  a port ion o f  these 
juveni le plants located on one o f  the substrate spider pole 
arms. By August 1979, juveni le plants receiving nutr ients 
from t h i s  upwelled water had grown t o  lengths o f  25 feet  before 
they became damaged by interact ion w i th  the t es t  farm structure. 

a In August 1979, three adul t  kelp plants wq. ! attached d i r ec t l y  
t o  one o f  the mooring l i nes  connecting the mchinery buoy t o  
one o f  the mooring buoys. As o f  the end o f  December 1979, 
these three plants had survived the r igors  o f  the ocean environ- 
ment without any evi dence o f  damage. 

e Throughout 1979, gas conversion experiments continued a t  the 1 
and 10 1 i t e r  scale. I n  January 1979, 50 and 100 l i t e r  digesters 
were brought on l i n e  sf gnal l ing the f i r s t  step i n  the scale-up 
o f  the bioconverslon process. 



a As a resu l t  o f  experiences w i th  the t es t  farm through 1979, it 
i s  clear tha t  mdi fScat ions t o  the t es t  farm must be imple- 
mented which w i l l  preclude entanglement and abrasion of kelp 
plants w i th  the structure o f  the t e s t  farm. These modifica- 
t ions can take any one o f  several foms, and a l l  optfons must 
be s t u d i d .  The resu l ts  o f  the experiments with the three 
adul t  plants 6ttrched t o  the m s r i n g  l i n e  indicate tha t  If 
adult plants can be isolated from the edges and rough surfaces 
o f  the test  farm, they w i l l  survive the violence o f  the wean 
environment. Further work on kelp plant  dynamics i s  recorn- 
mended t o  provide data on the ef fects o f  water motion on kelp 
olants. This date i s  necessary f o r  the design of more effec- 
i i v e  kelp plant  te ther  systems: 

As a resu l t  of a peer group review o f  the status o f  the ges 
conversion experiments, it i s  recommended that  the gas con- 
version experiments t e  expanded t o  include work on the effects 
o f  cmtinuous fezding o f  digesters, innovative digester design 
con.:epts including p l  ugflow system, packed bed system, and 
f lu id i zed  bed system. It i s  also recommended tha t  addit ional 
ef for t  be applied t o  iden t i f y ing  and characterizing the 
organism responsible for  the acetate t o  methane conversions 
present i n  kelp fermentation as t h i s  chain provides 70% o f  
the methane produced. 

Oescription o f  
kork Com~leted a A1 though the Marine Biomass Program i s  a mu1 t i -year R&D Program 

w i t h  work on many program tasks spanning several years, several 
key elements o f  k r k  &re completed during 1979. -These include: 

- Preliminary de f in i t i on  o f  concepts f o r  minimizing kelp 
entanglement and abrasion on the t es t  farm. 

- Development o f  experiments t o  be conducted on kelp plants 
dynamics a t  the t es t  farm. 

- Upgrading o f  t es t  farm pumping system r e l i a b i l i t y .  

- A preliminary evaluation o f  juveni le recruitment. 

- Steady-state operation o f  50 and 100 l i t e r  kelp digesters. 



2. OVERALL F W E C T  O&IECTIVf' 

The overal l  objective o f  the 6RI Marine Biomass Project i s  t o  investigate and 

develop those integrated processes inc:udi ng feedstock production, harvesting and 

conversion t o  produce metnane from seaweed that  i s  cost competitive on a com- 

mercial basis w i th  other a1 ternative sources of energy. To accom~lish t h i s  ob- 

ject ive, quanti tat ive determinations are being made through d i rec t  experfmentation 

and evaluation o f  concepts f o r  the feedstock production, harvesting, conversion, 

by-product/co-product recovery, and the essential supporting technologies f o r  

complete systems. The technical, economic and energy requirements o f  the system 

are being determined so that  the feasi b i  1 i t y  o f  producing cost-competi t i v e  com- 

mercial energy products from marine biomass farms can be f u l l y  established. 

From the standpoint o f  ava i l ab i l i t y  o f  arable land, water, and f e r t i l i z e r ,  

biomass produced by a marfne farm i s  a renewable biomass energy source that  has 

the potential of contr ibuting large quanti t ies o f  Substitute Natural Gas (SNG) 

t o  the national gas supply. Due t o  the low solar ef f ic iency o f  photosynthesis, 

. any energy farm ( te r res t r ia l  o r  marine), must cover vepy large areas i n  order 

t o  provide s ign i f icant  amounts o f  feedstock material. Table 1 i l l us t ra tes  the 

required farm areas t o  produce 100 percent o f  the current national gas supply 

as a function o f  y i e l d  per acre. 

TABLE 1. PROJECTED MARINE FARM SIZE FOR NATIONAL SNG PRODUCT ION 

Required Farm Size 
Biomass Yield t o  Produce 100% 

(Dry-Ash Free Tons/ U.S. Gas Needs Miles 
Acre-Year) ( ~ i  1 es2) Per Side 



11 port ion o f  the open ocean. The concept o f  a marine farm 

n d  occupying an ocean rrea o f  about 5500 square miles i s  a manageable one 

nutr ients required t o  sustafn optimal growth nates are avai lable a t  depths 

s ta r t ing  a t  100 meters. Preliminary estimates indicate tha t  the deeper nutr ients 

can be delivered t o  an ocean farm a t  r e l a t i ve l y  low energy cost. I n  some areas, 

su f f i c i en t  nutr ients occur i n  the surface waters. These overal l  considerations 

have l ed  the Gas Research I n s t i t u t e  and QOE t o  sponsor invest igat ion o f  a marine 

farm concept as a prime candidate f o r  development as a major renewable energy 

source. 

.Over the next two t o  three years, the objectives which must be met are (1) 

t o  determine i f  macroalgal feedstock can be obtained i n  su f f i c ien t  quantity and 

y i e l d  t o  demonstrate a strong economlc future o f  ocean farm systems, (2) t o  

confirm tha t  ocean farms can provide net energy gains, and (3) t o  determine that  

macroalgae can be harvested and converted t o  methane o r  other fuels a t  costs 

competitive with other sources o f  energy. General concepts investigated during 

1979 i n  the marine farming area include growing kelp on suspended a r t i f i c i a l  

substrates posi tioned i n  deep ocean waters, u t i l i z i n g  nutr ients obtained from 

a r t i f i c i a l l y  upwe1 led deep ocean water. 

I n  the biomass conversion area, approaches being investigated include 

( 1 )  development o f  lnocula capable o f  increasing methane generation and y ie ld ,  

(2) development and operation o f  sc.iled-up digester systems producing optimum 

methane yields, (3) develo n t  o f  processes f o r  pre- and pos-treatment o f  

the biomass t o  improve process e f f ic iency and t o  i den t i f y  and recover useful 

by-products . 



The Marine EFIomass Program p r i o r  t o  1979 emphasized acquis i t ion o f  the . 
biologi  ca? and engineering data that  are c r i t i c a l  t o  making an accurate 

determination o f  the technical and economic f e a s i b i l i t y  o f  the marine 

biomass concept. The overal l  program i s  shown i n  Figure 1. All previous 

work has been focused i n  the concept val idat ion phase which includes 

kelp growth and nu t r i  t ion, ocean engineering, and methane generation studies. 

r-8 
KELP GROWTH AND NUTRITION 

The invest igat ion o f  kelp growth and nu t r i t i ona l  requirements was 

2 
E 

funded by the Department o f  Energy and performed under the leadership o f  

Dr. Wheeler- North, Professor o f  Envi ronmenta 

o f  Technology a t  Corona del Mar, California. 

1 Sciences, Cal i fornia I ns t i t u t e  

The objective o f  t h i s  work 





onal requirements f o r  - Macrocystis py r i f e r s  

or4 the physiological  and b io log ica l  requirements * 

ke lp  growth u t i l i z i n g  the  open ocean t e s t  farm. Through 

I d  observations, D r .  North has speci f ied a set 

o f  b io log ica l  c r i t e r i a  which must be met i n  order t o  produce commercial l y  

acceptable y i e l ds  on the ocean farm. Laboratory and f i e l d  experfments 

inves t iga t ing  the growth response of juven i le  Macrocystis sporophytes t o  

n u t r i t i o n  by continuous imnersion i n  deep water were performed. The s ign i f icance 

o f  the spec i f i c  micro-nutr ients manganese and i r o n  t o  increase kelp growth 

were invest igated by Dr .  North. Prel iminary invest igat ion indicates tha t  

t race quant i t ies  of these metals may p lay a major r o l e  i n  obtaining maximum 

kelp growth and y ie ld .  Dr .  North and others have also obtalned data t ha t  

indicates t ha t  Macrocystis has the capab i l i t y  t o  s tore nut r ients  f o r  fu tu re  

use. This information has major program impact i n  tha t  i t  w i l l  a l low 

consideration o f  a range o f  design and operational strategies f o r  supplying 

optimum leve ls  o f  n u t r i t i o n  t o  the energy farm. 

OCEAN ENGINEERING 

Test -- Farm Design. The ocean engineering task o f  the concept va l ida t ion  program 

was performed by Global Marine Development Incorporated, Newport Beach, 

Cal i forn ia .  The object ives o f  t h i s  program were t o  provide an open ocean 

t e s t  bed f o r  Macrocystis c u l t i v a t i o n  and t o  develop a series o f  designs f o r  

prototype o r  p i l o t  commercial farms. The design f o r  the t e s t  f a r m  was 

completed i n  January, 1978. Construction began i n  A p r i l ,  1978, followed by 

deployment during September, 1978. 

The design o f  the t e s t  farm presented several engineering challenges, f o r  



- The structure must be canpletely compatible with the bioTogica1 

requ i rements f o r  Macrocyst is .  

. -  Personnel safety and operattonal r e l i a b i l i t y  are prime design 

cnnstraints. 

- The structure must be moored, f o r  tes t  purposes, i n  approximately 

- The structure must survive a 100 year storm with minimal damage. 

2000 feet o f  water. 

, - Water must be re l fab ly  pumped up, or  upwelled, from a depth o f  1500 

feet i n  order t o  sat isy the biological requirements o f  providing ambient 

levels o f  3 m i  crogram-atoms of n i  t rogenl l  i t e r  throughout the farm volume. 

GAS GENERATION RESEARCH 

Unlike t e r res t r i a l  plants, Macrocvstis p w i f e r a  has not evolved the l i gn in  

c e l l  ulose biopolymer f o r  structural support. Instead, the plant i s supported 

by specialized f lo ta t ion  ers (pneumatocysts) attached t o  the base o f  the 

blades. The absence o f  l i gn in  fs  a decided advantage fo r  bacterial digestion. 

Figure 2 i s  a diagram o f  the average composition o f  Macrocystis pyr i fe ra  including 

percentage composition of water, inorganf c salts, and vo la t i  l e  sol ids. The water 

content o f  the fresh plant, the absence o f  l i gn in  and the presence o f  vo la t i l e  

sol ids that  are b io logical ly  degradable, were the reasons fo r  selecting the 

anaerobic df ges t i on process. 

The program tasks i n  anaerobic digestion are directed toward research and 

development i n  three major areas; nt, Inoculm Development, and 

Anaerobic Df g s t i o n  Process bevel 



Figure 2. acrocyctis Composition 



t the Western Regional Reseerch Center, United 

. States Dtpartment of Agr icu l ture,  A 1  bany , Cal i f o r n i a ,  ~ ? d  was concerned wf t h  

the d e f i n i t i o n  and evaluat ion o f  mechanical and chemical pre/post treatment 

process steps which may increase the bac te r i a l  d i g e s t i b i l i t y  o f  kelp.  

Mechanical pretreatment studies have centered on the l eas t  cap i ta l  and energy 

in tensive methods t o  iccrease surface areas and c e l l  rupture. 

Addit ional  studies re la ted  t o  t h i s  task were t o  invest igate the  po ten t ia l  

o f  the d igester  s o l i d  e f f luent  as an animal feed supplement. 

Inocul um Devel s p e n t  

The research a c t i v i t y  , conducted a t  the  General E l e c t r i c  Compan 

Systems, Divis ion, centered on the development o f  an optimized anaerobic inocul urn 

incorporat ing microorganisms which have been derived from the marine environment . 
The poter l t ia l  resu l t s  o f  t h i s  research could have major impact on several 

s i g n i f i c a n t  cost centers i n  the gas generation process. Since the kelp substrate 

i s  o f  marine o r i g in ,  i t  was f e l t  t h a t  a co l l ec t i on  o f  marine derived organisms, 

which decompose kelp i n  nature, w i l l  have the requ is i t e  enzyme systems for  

rap id  depolymerization o f  ke lp ce l lu lose  and a l g i n  and f o r  u t i l i z a t i o n  o f  the 

resul  t ing  degradation products . 

Anaerobic Process Devel opment 

The ob jec t ive  o f  t h i s  work was t o  def ine and optimize the anaerobic 

d igest ion process for  conversion a f  Macrocystis pyr i fe ra  t o  methane. The 

kelp d igest ion work was conducted a t  the I n s t i t u t e  o f  Gas Technology (IGT), 

Chicago, I l l i n o i s .  



a t l n g  t o  s tar t -up and operatio9 o f  the Test Farm 

must be modif ied t o  increase i t s  a b i l i t y  t o  provide "plant 

duce p lan t  abvasion as we l l  as provide n u t r i e n t  containment. 

2. The operation o f  Engine #1 3n the upwel l i n g  pumping system has been 

unsat isfactory.  Act ion i s  underway t o  replace the engf ne 

manufacturer's warranty. 

3. The modif ied Test Farm must be replanted w i t h  healthy 

d i r e c t l y  from natura l  beds a t  the same water depth as the 

substrate. 

under the  

plants obtained 

Test Farm 

4. An experimental start-up per iod o f  a t  l eas t  three months, a f t e r  farm 

p lan t ing  w i t h  heal t hy  plants, i s  essent ia l  before data evaluation can 

begin t o  insure t h a t  the p lants  are accl imatized t o  the  new environment. 

5. Sto,rm induced waves and currents cause r e l a t i v e  motion and contact 

between the p lants  and the s t ruc ture  r e s u l t i n g  i n  abrasion t o  the plants. 

Instrumentation must be provided t o  measure the motions o f  the Test Farm 

s t ruc tu ra l  elements. 

6. To preclude abrasion and tang l ing  of the  plants on the farm s t ruc ture  

dur ing heavy current condit ions, a p ro tec t ive  system w i l l  be designed and 

i n s t a l l e d  on the underwater po r t i on  o f  the farm. 

7. Automatic fa i l / sa fe  contro ls  i n  the upwell ing pumping system have 

act ivated properly, thereby tu rn ing  o f f  the engines as required, bu t  

r e s u l t i n g  i n  periods o f  up t o  f i ve  days without upwelling, Continuous 

monitoring (recordin9 and alarm) of the upwell ing pumping system must be 

provided i n  order t o  minimize long periods o f  time without nu t r ien t .  



upwelling system has performed as designed providing 9000 

containing f r o m  25 t o  32 microgram atoms per l i t e r  o f  n i t r o -  

he form o f  n i t r a tes  and n f t r i t es .  

2. The t e s t  farm's mechanical structure has performed as designed, and the 

i n t e g r i t y  o f  the t e s t  farm's mechanical structure continues t o  be sound. 

3. The cur ta in  successful1y worked as a device t o  reduce currents near the 

plants and thereby protect the plants and re ta in  nutr ients i n  .4-.5 

knot current. 

Gas Generation Research 

1. Digesthn has been conducted a t  ambient temperature wi th  marine derived 

inocula, a t  the l i t e r  scale, w i t h  no apparent loss i n  gas production. 

2. Digestion has been conducted a t  s a l t  concentration o f  up t o  7 percent 

(seawater i s  3 percent), a t  the 10 l i t e r  scale using sewage-derived 

inocula, w i th  equivalent methane yields. This data indicates tha t  

seawater d i  1 ut ion o f  kelp feedstock i s  possible, i f  necessary. 

3. Based on the published l i t e r  ture, the metbane y i e l d  from the anaerobic 

digestion of kelp i s  higher than f o r  other types o f  biomass. 

4. Ground, undiluted, raw kelp can be added d i r e c t l y  t o  the digesters. 

5. The digester so l i d  e f f l uen t  has considerable. potent ia l  as a feed 

supplement and i s  chemically comparable fn  prote in value t o  soy protein. 



The major object ives f o r  1979 were to :  

-- Assure continuous operation of the n u t r i e n t  supply system, navigation 

marker equi went ,  and data co l  l e c t i o n  system. 

-- Perform preventat ive maf ntenance and cor rec t ive  maintenance as required 

on the B io log ica l  Test Farm. 

-- Continue b io log ica l  experiments a t  Cal Tech re la ted  t o  p lan t  select icn, 

attachment, recruitment, mortal i t y  , n u t r i e n t  analyses, and observation 

o f  associated f l o r a  and fauna. 

-- Maintain stock and baseline cu l tures.  

-- Contir.ue t~ l i c rob ia l  Enrichment/Lsolation studies. 

-- Continue Biomass Conversion Process Development Experiments. 

-- Evaluate pre- and post-treatment techniques 

-- Continue kel  p supply f o r  on-going experiments 

-- Continue program management 



5. 1979,WORK PLAN BY TASK AREA 

Thf s section describes the actual e f f o r t  expended i n  the llperfomancel' 

mode o f  t h i s  contract. To provide c l a r i t y  f o r  the reader, the areas 

reported w i l l  be presented as indiv idual  sections as fol lows: 

5.1 Bio logical  Test Farm Maintenance and Operations (GMDI) 

5.2 Kelp Bio logical  Studies (Cal Tech) 

5.3 Inocul um Development (GE/RSG) 

5.4 Conversion Process Devel opment ( I G Y )  

5.5 Pretreatment and Posttreatment Studies (USDA-WRRC) 



.1 BIOLOGICAL TEST FARM 

i 

MAINTENANCE AND OPE RAT IONS 

I 

; I 
> .  GLOBAL MARINE DEVELOPMENT INC. 



GENEML REPORT 

The 1979 GMDI p r o j e c t  ob jec t i ve  was t o  provide a minimal maintenance 

program for  the B io log i ca l  Test Farm (BTF). The ove ra l l  p r o j e c t  ob jec t i ve  

was t o  provide support, maintain, and r e p a i r  the t e s t  farm i n  the  open ocean 

upon which Macrocysti s pyri f e ra  was t o  be grown. 

P r f o r  t o  1979, the BTF was designed, fabricated, and deployed o f f  

Laguna Beach, Ca l i f o rn ia .  Kelp t ransp lan t ing  was completed i n  Cecember 1978. 

The spec i f i c  ob jec t i ve  o f  1979 was t o  maintain the BTF. I n  a c t u a l i t y ,  

minimal maintenance p lus r a i s i n g  the  system re1 i abi 1 i t y  was accomplished. The 

r e l i a b i l i t y  of the machinery buoy system was ra ised  from below 50 percent 

t o  above the requi red 85 percent dur ing  the  year. Minor addi t ions were made 

t o  the farm inc lud ing  t h e  add i t i on  o f  check valves t o  the d ispers ion system 

and extending one d ispers ion hose down t o  the  substrate t o  feed j uven i l e  plants.  

, For ty- four  maintenance v i s i t s  were made t o  the BTF i n  1979. The engines 

on the BTF consumed 150 drums o f  d iese l  f ue l  and 155 gal lons o f  lube o i l .  

One d iese l  engine was replaced a f t e r  su f f e r i ng  major i n te rna l  damage from an 

ingested fo re ign  ob ject .  A second d iese l  engine was r e b u i l t  on board a f t e r  

a s i m i l a r  problem. The problem causing element, the  a i r  f i l t e r  system, was 

replaced w i t h  a sea cap. The v i b r a t i o n  mounting hardware on the engines was 

modif ied t o  solve a mounting b o l t  f a i l u r e  problem. The main system fue l  

pump was replaced so lv ing  f u e l  s ta rva t ion  and f u e l  f lood ing  problems. The 

o r i g i n a l  pump case exhibt ted s t r u c t u r a l  weaknesses. Redundant engine s t a r t i n g  

and shu to f f  systems were e l iminated t o  prevent accidental system shut o f f  and 

e l e c t r i c a l  shor t  c i r c u i t s  from w i r i n g  f a i l u r e s .  
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A formal maintenance schedule and check l i s t  system was i n s t i t u t e d  providing ; 

be t te r  contro ls  , documentation and maintenance planning. A qua1 i f  ied  d iesel  

mechanic was added t o  the work party.  He has r e b u i l t  an engine onboard and has 

iwreased the engine r e l i a b i l i t y  through h i s  constant checking f o r  parts 

de ter io ra t ion  and performance. A lube o i l  analysis program was i n i t i a t e d  

t o  monitor the diesel  engines. The l a b  reports provide quant i ta t i ve  data on 

impur i t ies  found i n  the lube o i l  a l e r t i n g  us t o  in te rna l  fue l  leaks and 

nbnormal engipe wear. 

The year 1979 was a successful year fo r  the BTF i n  regard t o  operational 

readiness. The system i s  now wel l  understood and the maintenance tasks have 

become more predic table than not. The next year, 1980, w i l l  b r ing some d i f f e r e n t  

problems as the system has been deployed f o r  a year and a h a l f .  Methods and 

procedures w i l l  have t o  be developed t o  p red ic t  and handle problems tha t  a r ise  

a t t r f b u t a b l e  t o  time. One problem i s  t h a t  o f  replacing s a c r i f i c a l  anodes i n  

s i t u ,  Another po ten t ia l  problem i s  the  accumulation o f  water i n  the fue l  

tank on the machinery buoy due t o  condensation over time. There are also 

po ten t ia l  wear problems i n  mooring l i n e s  and s t ruc tura l  attachments. Planning 

i s  i n  process t o  recognize and solve these po ten t ia l  problems under general 

maintenance instead o f  emergency repai r. 

The speci f ic  object ives f o r  1985 are t o  keep ahead o f  any maintenance 

problems and keep the BTF under pos i t i ve  control .  The aim i s  t o  continue 

working toward having a f a c i l  i t y  t h a t  can be e f f i c i e n t  and safe i n  terms of 

functlonal performance and re1 i a b i l  i t y .  Modif icat ions must' be made t o  the BTF 

i n  order t o  meet the primary ob jec t ive  o f  growing kelp i n  the open ocean. 

GMOI w i l l  continue t o  support the 1980 Marine Biomass Program i n  any capacity 

requested by General E l e c t r i c  Company. 



5.2 KELP BIOLOGICAL STUDIES . 

CALIFORNIA INSTITUTE OF TECHNOLOGY 



'GENERAL REPORT 

Kelp bio logical  studies continued during 1979 i n  a var iety of areas , 

including operations a t  the t e s t  fann, i n  the general area o f  the ocean 

surrounding the t es t  farm and i n  the laboratory. The resul ts  o f  these studies 

were reported during January i979 through June 1979 i n  a series o f  monthly 

reports t o  the various agencies supporting t h i s  e f f o r t .  For the period 

July 1 , 1979 thru  December 31 , 1979, a s imi lar  series o f  monthly progress 

l e t t e r s  were generated by which resu l ts  were documented. These reports may 

be obtained from the Cal i fo rn ia  I n s t i t u t e  o f  Technology. By permission, a 

verbatim extract  from a compi 1 a t i  on o f  July through December 1979 Monthly 

Progress Reports i s  included herein as pages 39 through 50. 



1978-79 IN RETROSPECT 

The p r inc ipa l  event o f  the past year was the i n i t i a t i o n  o f  scaled-up f i e l d  

operations i n  a two-year experiment that involves assessing resu l t s  from f e r t i  liar- 

i n g  about 100 a d u l t  Macrocystis plants w i th  water a r t i f i c i a l l y  upwelled from 450 m 

depths. The study, designated the Test Farm Experiment, had been i n  the planning 

and implementation stages for about three years. Much o f  our previous work, as 

we1 1 as ongoing a c t i v i t i e s ,  were re la ted  d i r e c t l y  o r  i n d i r e c t l y  t o  the Test Farm 

Experiment (Table 2). I n  t h i s  summary review o f  our 1978-79 a c t i v i t i e s ,  we w i l l  

be presenting resu l t s  i n  an organizat ional framework tha t  emphasizes r e l a t i  on- 

ships e i t h e r  d i r e c t l y  t o  the Test Farm o r  t o  s im i la r  prototype farms o f  the future. 

The primary categories o f  a c t i v i t i e s  shown i n  Figure 1 w i l l  be used as the main 

subdivisions o f  our discussion. 

Operational A c t i v i t i e s  

Our p r inc ipa l  accomplishments i n  t h i s  category involved t ransplant ing adu l t  

Macrocystis t o  the Test Farm i n  November-December 1978, disentangling fronds o f  

these plants from the structures around them i n  the subsequent two months, and 

providing informati on regardi ng mechanical operations t o  our c o l l  aborators a t  

General E l e c t r i c  Company (GE) and a t  Global Marine Development Inc. (GMDI). 

We also attempted t o  f e r t i l i z e  a crop o f  juven i le  plants on the Farm i n  l a t e  

Spring, but t h i s  a c t i v i t y  i s  more appropriately discussed below under Output 

Studies. We w i  11 discuss here only the transplantat ion operation. 



TABLE 2. RELATIONSHIPS BETWEEN FLUXES OF ENERGY AND MATERIALS AT THE TEST FARM AllO THE PRINCIPAL 6RWPICEGS 
THAT CONSTITUTE OPERATION AND MONITORING OF THE FARM BY STAFF OF THE CALIFORNIA IMSTIfUTE OF TECHWKo6y 

Sun1 i ght 
Mater 
Carbon dioxide 
Mineral nutr ients 
Toxfcants o r  inh ib i to rs  
Substrate interactions 
Biological interactions 

0muTs 

FARM 
) 

Biomass 
Juveni l e  plants 
Associated sped es 1 

Physical 
Water c l a r i t y  
Water temperature 
S t a b i l i t y  o f  deep water 

Entangling o f  fronds 
Abrasion o f  tissues 

Chemical 
Sa l in i ty  
Oxygen 
Nutrients 
Mean concentrations & speciation . 
Temporal var iat ion 
Vert ical  d is t r ibut ions 
Horizontal d is t r ibu t ion  (on farm) I 

Biological 
Encrustations 
Diseases 
C o ~ l p e t i  tors  
Grazers 
Nutrient recycl ing 

OPERATIONAL 
ACTIVITIES 

Transplanting 
Plant maintenance 
F e r t i  1 i z i  ng (juveniles J 
Mechanical m n i  t o r i ng  
Grazer control  

4 
OPERATIONAL 
SUPPORT STUDIES 

Iden t i f y  necessary inputs 
houn ts  o f  inputs needed 
Iden t i f y  c r i t i c a l  species 
Determine uptake rates 
Opt i m i  t e  inputs 

Growth assessments 
Juveni l e  fronds 
Adult fronds 
Frond i n i t i a t i o n  rates 
Frond production rates 

Harvest y ie lds  
Tissue nutr ient  contents 

Ni  tragen 
Trace metals 

General health & appearance 
Juveni l e  recruitment 
Associ ated c m u n i  ty  



We began s t ~ k p i l l n g  adul t  kelp transplants i n  ear ly August 1978, i n  

ant ic ipat ion o f  deployment o f  the Test F a n  structure during Fal l .  We had 

already l a i d  out about 1000 ft o f  scrap chain, secured a t  intervals t o  engine 

blocks, on the bottom a t  depths o f  40 t o  50 ft o f f  Reef Point (about two miles 

northwest from Laguna Beach, California, Figure 3). The chain was designed t o  

receive and hold about 150 kelp transplants. The locat ion was selected because 

it l a y  i n  that  por t ion o f  the coast closest t o  the Test Farm s i t e  and also 

supported a natural stand o f  kelp. We ins ta l led  a second s imi lar  but shorter 

s tockpi l ing chain o f f  Laguna Beach i n  October. Most o f  the transplants were 

by then being gathered o f f  Laguna Beach, and the second chain eliminated the 

necessity f o r  towing these plants a l l  the way t o  Reef Point. About 117 plants 

had been moved t o  the two stockpi l ing chains by November 18, 1978. These were 

the "best available" i n  the local  beds a t  that  time. A l l  were deemed sat js-  

factory a t  the time o f  co l lect ion but few i f  any were i n  excellent condition, 

simply because sourthern ~ a l i f o r i i a  kelp beds t yp i ca l l y  reach t h e i r  seaonsal 

lows during ear ly t o  mid-Fall each year. 

The Test Farm structure was successfully ins ta l led  a t  the 1800 ft depth 

contour by GE and GMDI personnel during September 1978 (Figure 3). Operational 

test ing and modif ication occupied the next two months. The structure was i n  

readiness to  receive kelp transplants by l a t t e r  November except that a protective 

cur ta in  had not been deployed t o  reduce ef fects  o f  current and increase re- 

tent ion o f  the a r t i f i c i a l l y  upwelled water on the farm. 

Duri ng October we attached small , numbered "planting" buoys t o  the 

concentric cables a t  the outer port ion o f  the substrate arms, t o  serve as 

tether ing points f o r  our transplants (Figure 4) .  We began moving our stockpi led 

transplants t o  the Test Farm on November 30. We ins ta l led  a t o t a l  o f  103 plant 





on the Test Farm by December 6, inc luding 18 removed tha t  day d i r e c t l y  from the 

Laguna Beach kelp bed (i.e. not stockpiled). We had col lected these addi t ional  

18 specimens because condi t ion o f  32 o f  the stockpi led transplants was considered 

unacceptable a f ter  they had been moved t o  the Farm. Given a sui table envlmnrnent, 

we had no doubts t ha t  a l l  of the 103 plants f i n a l l y  i ns ta l l ed  would f lour ish .  

GMDI i n s ta l l ed  a pro tec t ive  cu r ta in  around the western border o f  the Farm 

on December 12, t o  reduce e f fec ts  o f  currents on the transplants and the d is-  

persed upwelled deep water. The cu r ta in  was l o s t  t o  storms w i t h i n  the fo l lowing 

week. Strong currents (> 0.5 knot) were frequently observed a t  the Test Farm. 
B Entanglement o f  the plants w i t h  cables and other features o f  the Farm structure 

occurred whenever current  bent the kelp fronds over a t  large angles t o  the 

ve r t i ca l .  Entangled fronds soon perished f r o m  abrasion against the sol i d  

1 1 s i ructures as the substrate heaved i n  passing swells. Upper portions o f  a l l  

I p lants were gone by the end o f  January, leaving only holdfasts and a few 
i 

t a t te red  frond remains. 

Output Studies 

Investf  gations concerned w i th  b io log ica l  outputs from the Test Farm en- 

compassed two defined time periods: A. December 1978 t o  January 1979 when our 

adu l t  transplants existed a t  the Farm; 8. May and June 1979 when dense popula- 

t ions  o f  juveni l e  plants appeared, presumably o f f sp r ing  a r i s ing  from spores 

l ibera ted by the adul t  transplants f i v e  months previously. The most important 

concl usions and resu l ts  from our December-January monitoring studies were: 

1. Growth rates 

Juveni l e  fronds : A series of seven weekly determinations between - 
December 12 and January 29 y ie lded mean standard growth rates ranging 

from 5.4 t o  7.4 percent elongation per day. These are w i th in  the 
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Figure 4. Diagram o f  the Test Farm structure showing principal 
features and dimensions. 



Figure 5 . The Test Farm structure as shown i n  Figure 4 but with diagrammatic re- 
presentations o f  kelp transplants added. The holdfasts were tethered by lengths o f  
nylon rope about 6 mn diameter and 60 t o  100 em long, leading t o  styrofoam buoys 
pasftloned just  bene ach holdfast t o  reduce tendencies for  interactions with the 
peri pheral concentric cables. 



range of normality f o r  natural kelp beds a t  t h i s  time o f  year but tend 

t o  l i e  i n  the lower portion o f  the range. Percent o f  fronds showing 

abnormally slow growth rates among tagged juveniles ranged from 6 t o  

44% o f  the tagged recoveries, a re la t i ve ly  high proportion o f  abnormal 

juveni les. Abnormally slow growth i n  juvenile fronds often results 

from severe damage t o  o r  loss o f  the parent adult frond that nourishes 

growth of the juveni le through translocation o f  photosynthate. 

Adult fronds : Damage and mortal i t y  among adult fronds interfered with 

assessments so that a s t a t i s t i c a l l y  adequate evaluation o f  growth rate 

was not achieved. It was established, however, that  some o f  the tagged 

specimens generated reasonable rates o f  prwduction o f  new blades. 

2. Plant mortal i ty 

. About 213 o f  the i n i t i a l  complement o f  transplants were l o s t  from 

December 5 t o  January 5. Mortal i ty during the next 20 days declined, 

as only about a t h l r d  o f  the remaining plants disappeared. A short 

but v io lent  squall on January 30 destroyed the l a s t  o f  our transplants. 

Tangling wi th and abrasion on various parts o f  the Test Farm structure 

were the sole causes o f  plant mortal i ty. 

3. Nitrogen contents o f  blade tissues 

Except for the f i n a l  week o f  January (when a l l  o f  the remaining plants 

had suffered signi f icant damage), N-contents remained above one percent 

o f  the dry weight. I n  our experience, t h i s  represents a healthy nu t r i -  

t ional  condition. O f  the 82 blade samples taken, 71% were above 1.5% 

i n  N-content. The highest N-contents were around 2.5% and came from 

canopy blades during the period when the curtain was most ef fect ive i n  

retaining the upwelled water within the Farm. We concluded that, unlike 

our previous experimental oceanic farms, the transplants on t h i s  Test 

Farm did not suffer from inadequate nutr i t ion.  
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During January 1979, we observed small juveni le Macrocystis plants attached 

t o  several o f  the p lant ing buoys. One month had elapsed since the transplants 

had been introduced. We therefore presumed tha t  these juveni 1 es ' reached the 

Test Farm as established microscopic-si zed plants and d i d  not ar ise  from spores 

l ibera ted a t  the .Test Fam. Usually a t  least  three months are needed f o r  develop- 

ment o f  barely v i s i b l e  juvepiles from se t t led  kelp spores, and the t ime may be 

longer i f  l i g h t  o r  nutr ients are not optimal. 

I n  l a t e  Ap r i l  1979, we observed small plants developing near the ends of 

the Test Farm dispersion hoses. By May, large numbers o f  juveniles were appearing 

on most o f  the so l i d  surfaces o f  the Test Farm structure down t o  depths as great . . 

as 30 m. Concentrations were sparse, however, below the level  o f  the transplant ing 

substrate (20 m). Development by most o f  these plants was probably stimulated 

not by the a r t i f i c i a l l y  upwelled deep water but  by natural upwelling which 

usual ly i s  maximal during l a t e  Spring. The juveni le recru i ts  were studied 

intensively t o  gather ecological informati  on tha t  m i  ght be useful f o r  encouraging 

and assist ing kelp reproduction on t h i s  and on other oceanic farms. Several 

noteworthy resul ts  emerged. 

Total p lant  population on the substrate arms, cables, and plant ing 

buoys was estimated t o  be 36,000 individuals. 

Temporal changes i n  ni trogen contents o f  kelp blades paral leled changes 

i n  ambient n i t r a t e  concentrations (n i t ra te  i s  a good measure o f  natural 

upwelling i n  t h i s  instance) and correlated w i th  changes i n  rates o f  

plant elongation. 

Greatest p lant  mortal i ty occurred on the smooth p l  astic-coated cables. 

Plants were probably eas i ly  dislodged by water movements from t h i s  

type of substrate. High mor ta l i t y  rates also occurred among plants on 

upwell i n g  hoses where barnacle encrustations pro7 i fe ra ted and created 



extremely abrasive surfaces. Intermediate degrees o f  mortal i ty  occurred 

on the planting buoys and substrate arms. Lowest mortal i ty  appeared 

among plants attached t o  the moderately rough surfaces provided by 

pol yes t e r  ropes. 

4. Tissue nitrogen concentration and growth were enhanced s l i g h t l y  by 

"spraying" a group o f  juveniles on a substrate arm, twice weekly wi th 

1 M ammonium sulfate. Even greater enhancement occurred among plants 

close t o  bags o f  Osmocote pe l le ts  af f ixed t o  the side o f  a substrate 

arm. The pel le ts  slowly released nitrogen and phosphorus i n t o  the 

surrounding water. 

I n  summary, perhaps the most revealing resu l t  thus f a r  from the Test Farm 

experiment was our f a i l u re  t o  observe increased growth rates among the juveni le 

fronds during the period when the curtain was retain ing the nutr ient-r ich deep 

water and hindering ef fects by currents. This very preliminary f inding suggests 

that  growth o f  Juvenile fronds may be l imi ted by the rate a t  which photosynthate 

could be translocated downward from the canopy and not from l imi ted avai lab i  l i t y  

of nutwients ( i n  t h i s  par t icu lar  case). While we need more experimentation t o  

establ ish t h i s  hypothesis, the possibf l i t y  has important inpl icat ions f o r  opt i -  

mizing biomass productions. I f  translocation ra te  i s  important as a l i m i t i n g  

factor i n  juveni le frond growth, the best strategy would involve t ry ing  t o  achieve 

a condition where avai l a b i  1 i t y  o f  1 i ght becomes the pr incipal  1 i m i  t i n g  factor. 

Presumably t h i s  could be done by increasing frond density on the Farm ( i  .e. 

placing the plants more closely together). 

For the future, our collaborators a t  General E lect r ic  w i l l  be i n s t a l l i r  

more durable protective curta in a t  the periphery of the Test Farm i n  l a te  1975. 

We w i l l  then be able t o  resume our studies monitoring health and measuring 
:t ? 

productivi ty of adult kelp plants being held i n  t a r t i f i c i a l l y  upwelled deep 

water. 
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5.3 INOCULUM DEVELOPMENT 

GENERAL ELECTRIC COMPANY/RSD 



GENERAL REPORT 

OBJECTf VE 

The primary objective of t h i s  program i s  t o  develop f r o m  marine sources an 

a1 ternat ive, optimized microbial culture f o r  the conversion o f  kelp JMacrocvsti s 

py r i f e r i a )  t o  methane gas. l o  t h i s  end, i t  becomes necessary t o  develop a 

suf f ic ient  undertanding of the mfcrobiological reactions and in&actlons 

such that ef fect ive control o f  the conversion process i s  possible. 

KELP DIGESTER STUD1 ES (BASELINE 1 
During the course o f  t h i s  develoment study, kelp t o  methane digester systems 

established solely wi th marine derived inocula, have been maintained as a study 

base and as a source o f  microbial species o f  interest. These systems were 

charged, as described previously, on an alternate day basis. Beginning about 

February 1, 1979, 'set t led eff luents sol ids, obtained by gravity-sett l ing digester 

effluent under nitrogen fo r  one ha l f  hour, were recycled a t  the 20 percent (by 

volume) level with the incoming feed. In  early , the feedstock was switched 

from Lot #3 t o  Lot 147, which, because o f  i t s  low manni to1 content (5.18 percent) 

was supplemented with exogenous mannitol t o  approximate that of Lot #3 (18*6 

percent). Lot #48 (9.06 percent mannitol), used since September 3, was likewise 

supplemented. I n  order t o  approximate a m r i n e - l i  ke environment Sn the digesters 

and t o  be more consistent with probable large scale operating situations, sea 

water (Instant Ocean) was used as a feedstock di luent beginning July 23. 



Performance o f  these digesters (MF-6 and MF-21) i s  presented i n  Tables 3 

and 4 and graphical ly depicted i n  Figures 6 and 7. Corresponding v o l a t i l e  fa t t y  

acids (VFA) and pH values are given i n  Tables 5 and 6. 

Toward the end o f  1978 and during the f i r s t  few weeks o f  1979, the perfor- 

mance o f  these baseline digesters deteriorated s i gn i f i can t l y  - methane y ie lds  

dropped, v o l a t i l e  f a t t y  acid levels rose, and pH levels could not be maintained. 

The cause o f  t h i s  decreased performance was not  immediately apparent, but was 

not associated w i th  the problems experienced e a r l i e r  by IGT and WRRC since only 

one l o t  o f  kelp ( t o t  37) has been used a t  GE through t h a t  period. I n s t i t u t i o n  

o f  correct ive act ion resulted i n  a resumption o f  gas production. 

Digester MF-6 i n i t i a l l y  gave higher gas y ie lds  than digester MF-21, producing 

on the average . 4 SCFIlb VS added (- 3.5 SCF/lb VS f o r  MF-21) and f o r  a two week 

period during l a t e  March produced > 5 SCF/lb VS added. Between August 6 and 17, 

gas production dropped t o  < 3 SCF/lb VS and remained so f o r  essent ia l ly  the re- 

m inde r  o f  the period. This drop was coincident w i th  a s h i f t  i n  feed from 0.10 

3 Ibs  VS ft3 t o  0.123 1bs VS ft but also occurred w i th in  a short period a f t e r  

i n i t i a t i n g  d i l u t i o n  w i th  sea water. Digester MF-21, although operating under 

s l i g h t l y  d i f fe rent  condit ions o f  loading and hydraulic retent ion time (HRT) 

(0.1 1 bs ~ ~ / f t  3,  30 day HRT) , p e r f o m d  simi l i a r l y  , but recovered t o  produce 

> 3 SCFIlb VS. An examination of the pH and VFA levels i n  these digesters 

(Tables 5 and 6) shows tha t  i n  MF-6 a decrease i n  average pH and an increase i n  

propionate levels was coincident w i th  the decrease i n  gas output. I n  contrast, 

the pH values i n  MF-21 were generally lower and propionate levels higher (or 

comparable) throughout the same period. Acetate levels were also higher i n  

MF-21. Other v o l a t i l e  fa t t y  acids, though present i n  both systems, were i n  

r e l a t i ve l y  minor concentrations. 



TABLE 3 GAS PRODUCTION - KELP DIGESTER MF6 (continued) 

SCF/LV vs ADMD(~) 
FISCAL WEEK 4 TOTAL GAS REMARKS 

1 1.64 3.92 Kelp - Lot 3 

3 1 .27 2.90 Stopped feeding f o r  4 days 

5 3.33 6.03 
0.07 l b s  vs/ f t3  

6 3.88 6.80 20% Sol ids  Recycle 
40 Day HRT 

19 4.27 7.77 
20 4.10 7.25 Kelp - Lot  47 

21 3.23 5.93 
22 4.55 8.48 
2 3 3.83 7.33 30 Day HRT 

(1 ) Meekly Averages 



TABLE 3, GAS PRODUCTION - KELP DIGESTER MF6 (Concluded) 

F I S C A L  WEEK --------- 

27 
28 

2 9 

3 0 

31 

32 

1 .I 

( 2 )  Instant Ocean 

SCF/LB VS ADDED 
4 TOTAL 

-" 

REMARKS 

Leak i n  Gas Hose 

Sea Water ~i 1 uent(2)  

Kelp Lot 48 



TABLE 4 GAS PRODUCTION - KELP DIGESTER MF21 

FISCAL WEEK SCF GAS/LB VS (1 ) 
CH. TOTAL REMARKS 

9 

3.1 6.2 0.07 lbs vs/ftJ 
20% Sol ids Recycl e 
40 Day HRT , 

4.3 7.5 Kelp Lot  3 
3.7 6.8 
3.5 6.8 
4.0 7.2 
3.4 6.5 
3.6 6.7 

Kelp L o t  48 

(1 )  Weekly Averages 





FISCAL WEEK - 1979 

Figure 7. Gas Production - Kelp Digester MF-2 
(SCF Gas/lb V o l a t i l e  Solids Versus ~ i m e )  

GAS PRODUCTION - KELP DIGESTER MF-21 

.- ....... .... . -  .. ... 



TABLE 5 VOLATILE FATTY ACID AND DH LEVELS 
I N  KELP DIGESTER MF-6 

ACID CONCENTRATION (mi 1 1  i grams/l i ter) 
FISCAL I SO- I SO- 



F I SCAL 
WEEK 

12 
13 
14 
15 
16 
17 
18 
19 
20 
21 
2 2 
25 
29 
30 
3 1 
3 3 
37 
49 

E FATTY ACID AND DH LEVELS 
DIGESTER MF-21 

ACID CONCENTRATION (mi 11 i grams/l i ter) - - 
ACETIC PROPIONIC BUTYRLC BUTYRIC VALERIC VALERIC 

1066 1652 65 61 136 143 
886 1597 65 61 132 146 
522 1625 83 45 180 204 
590 1 700 77 2 7 133 74 

1 1  78 2595 142 28 9 74 5 155 
1029 2555 1 1 1  148 697 118 
625 1697 64 14 132 55 
71 3 1672 76 30 129 73 
597 1666 74 11 125 49 
521 1477 79 15 127 42 
576 1567 6 5 10 112 52 
4 56 1436 110 19 1 50 96 
56 1 2144 9 2 1 200 106 
521 203 7 8 7 1 159 11 1 
531 1714 84 18 1 54 115 
428 94 5 53 25 86 - 
313 2761 70 58 121 1 50 
31 9 271 0 8 7 84 249 205 

CAPRU I C 

160 
150 - - 
203 
112 - - - - 
48 - 
18 - 
93 
36 
39 
9 



Attachment o f  p a r t i c u l a r  s ign i f i cance t o  these observations ,must be 

tempered w i t h  the f a c t  t h a t  no attempt has been made t o  opt imize the performance 

o f  these d igesters and the  operat ing condi t ions (a1 ternate day feeding) imposed 

unusual stresses on these systems (i.e., shock loading).  

These data do show, however, t h a t  sea water can be used e f f e c t i v e l y  as 

a feedstock d i luent ,  and t h a t  these d igesters qu i ck l y  adjust  t o  supplementation 

of low manni to1 -containing ke lp  w i t h  exogenous manni to1 . 

SALT TOLERANCE OF METHANOGENIC ENRICHMENTS 

Experiments were performed t o  ascer ta in the to1 era nce o f  marine derived 

methanogenic enrichment cu l tu res  t o  the l e v e l s  o f  s a l t s  t h a t  may be present 

i f  und i lu ted  ke lp  were used as a feedstock, f o r  as the feedstock concentrat ion 

i s  increased, the d i l u e n t  l eve l  i s  decreased and the s a l t  l eve l s  w i l l  approach 

t h a t  o f  the  feedstock. Table 7 compares the values o f  NaC1, K C l ,  and Na2S04 
I 

found i n  sea water and und i lu ted  kelp.  It i s  t o  be noted t h a t  ke lp has a 

p a r t i c u l a r l y  h igh KC1 l eve l  (3.6 percent) as compared t o  sea water (1.9 percent),  

bu t  has reduced leve ls  o f  NaCl and Na2S04. The reduct ion i n  SO; may a c t u a l l y  

improve CH4 y i e l d s  as SO; can be an e lec t ron  acceptor f o r  non-methanogens 

capable o f  u t i i  i z i n g  acetate. 

Experiments were conducted using marine derived methanogeni c enrichments 

u t i l i z i n g  acetate as sole carbon source. The medium o f  Baresi -- et. a l ,  (1978), 

except modif ied t o  conta in sea water, was used as a baseline and supplement w i th  

KC1 as required. Figure 8 shows the methane production obtained i n  r e l a t i o n  t o  

the  KC1 content o f  the growth medium. Clearly,  methane y ie lds  from acetate 

are uneffected by the KC1 leve l s  found i n  raw kelp and are noted t o  be s l i g h t l y  



NaC 1 KC 1 
Molarity 3 

Sea Water 0.51 3 .O 0.26 1.9 

Kelp 0.1 5 0.94 0.48 3.6 

Na2S04 
Molarity 3 



METHANE GENERATION IN ACETATE ENRICHMENTS 

EFFECT OF KC1 CONCENTRATION 

(CALCIUY ACETATE MEDIUM OF BARES1 ET AL., 1978) 

MADE WITH SEAWATER 

Figure 8. Methane Generation I n  Acetate Enrichments (etc.  ) 



above those cul tures grown i n  normal sea water. As KC1 concentrations exceed 

4 percent, methanogenesis rap id ly  approaches 0, 

It can be concluded then tha t  the terminal r e x t i o n  i n  the kelp t o  

methane food chain w i l l  not be adversely affected by s a l t  levels possible i n  

digesters feed undi luted ke lp  a t  maximum loading. It does remain, however, 

t o  ve r i f y  these data wi th  the H2/C02 u t i l i z i n g  methanogens. 

ALGINATE UTILIZATION - 
Extrapolations from pure cu l ture  data t o  the a1 ginate degradation 

mechanisms i n  a mixed population fermenter require, a t  a minimum, that  the 

organisms i n  the pure cu l ture  represent the major classes o f  such organisms 

i n  the fermenter. To t h i s  end, r o l l  tube df l u t ions  were made from kelp 

digester ef f luents,  and ,the colony types were evaluated. The colony counts 
8 (Table 8) indicated approximately 10 a lg ina te -u t i l i ze rs  per m l  o f  e f f luent .  

7 8 A l l  iso lated colonies on 10 and 10 d i lu t ions  were indist inguishable from the 

previously isolated and characterized Cytophaqa-1 i ke cu l ture  designated 39-1 . 
These data indicate tha t  t h i s  fsolate represents the major class o f  organisms 

responsible f o r  the primary degradation o f  alginate, the major kelp b:opolymer. 

CELLULOSE DEGRADATION STUD1 ES 

AS described previously, cel lu lose i s  present i n  kelp and apparently 

represents one o f  the major reca lc i t ran t  f ract ions under the present digestion 

conditions. Effort,  therefore, i s  bef ng devoted t o  the study o f  marine 

derived anaerobf c cultures involved i n  cel lu lose hydrolysis. Enrichment 

cultures were established using Walseth cel lu lose as substrate i n  a basal 



TABLE 8 ROLL TUBE COUNTS OF ALGINATE 
UTILIZING ORGANISMS I N  KELP 
DIGESTERS 

DILUTION -- --- 

1  o - ~  

COUNT 

TNC 

1 2  

EVALUATION 

A1 1  rnorphol o g i c a l  l y  i d e n t i c a l  t o  
C v t o ~ h a a a  s t r a i n  39-1 

Morpho log ica l l y  i d e n t i c a l  t o  39-1 



medium (Weimer and Zeikus, 1977) and digester e f f l uen t  as an inoculum. 

Both methanogenic and non-methanogenic enrichments were obtained. Rol l  

tube d i l u t i ons  have y ie lded f i v e  c e l l u l o l y t i c  isolates (CW 13 - CW 17). 

which exhibited tone c lear ing o f  embedded c e l l  u l  ose. Two o f  these (CW 14 

and CW 15) appear t o  be pure cultures, whi le the remaining three exh ib i t  

su f f i c i en t  pleomorphisn(l) t o  warrant fu r the r  pu r i t y  evaluations. A1 1 cul tures 

exh ib i t  ac t ive  and a l l  degrade both Walseth cel lu lose (acid swollen 

amorphous cel lu lose) and Avicel (microcrystal l  i ne  cel lulose). A descript ion 

o f  these cul tures i s  provided i n  Table 9. 

Large amounts of acid are produced as metabolic end-products by these cultures 

during growth on ce l lu lose and the f ina l  pH i s  generally less than pH 5.0 i n  

a phosphate buffered mineral sa l t s  medium. Table 10 shows a p r o f i l e  o f  the 

v o l a t i l e  and non-volat i le acids produced i n  batch cu l ture  by these isolates 

and four addi t ional  mixed cu l tu re  c e l l  u l  o l y t i c  enrichments (MPYR, SWK, MF6, 

and MF19*), one o f  which i s  methanogenic. The predominant v o l a t i l e  acid i s  

acet ic i n  a l l  cul tures wi th  s ign i f i can t  leve ls  o f  propionate also appearing i n  

the enrichments. The production o f  other v o l a t i l e  and non-volat i le aci  Js i s  

var iable and generally are less than 100 ppm i n  concentration. 

An i n i t i a l  analysis o f  gas production by these cultures i s  presented i n  

Table 11. Cultures CW 13, CW 16, and CW 17 and enrichment MF 6 produce He 

whi le enrichments MF 19 and MF 23 produce methane - No H2 o r  methane has been 

detected i n  CW 14, CW 15, MPYR, o r  SM+K. 

Kinet ics o f  c e l l  growth and cel lu lose u t i l i z a t i o n  have ye t  t o  be determined 

and i t  w i l l  be necessary t o  u t i l i z e  a more e f fec t i ve  buffering system or  pH 

control led fermentors t o  moderate o r  el iminate the severe depression o f  pH i n  

batch cultures. 

(l)~leomorphism - The occurrantie of several independent stages i n  the l i f e  cycle 
of an organism. 

(2)ktil ity - The power o f  motion. 
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TABLE 9 ANAEROBIC CELLULOLYTIC ISOLATES FROM KELP DIGESTER INOCULUM 

Culture Description 

CW 13 Chain forming rod, some long fi laments wi th  no 
obvious crosswal ls .  Mot i le 
Some c e l l s  exh ib i t  phase dark terminal ends. 

CW 14 Rods i n  short chains and singles. Mot i le 
Grows as compact mat a t  bottom o f  cul ture 

CW 15 Rods which become sphaeropl ast-1 i ke i n  01 der 
cul ture.  Mot i le  

CW 16 Non-chain forming rods. Mot i le 

CW 17 Chainformingrods.  Mot i le 



TABLE 10 

VOLATILE 
FORMIC - 
ACE1 I C  946 
PROPIONI C 58 
I SO-BUTYRIC - 
BUTYRIC - 
ISO-VALERlC - 

TOTAL VOLATILE 1 0 0 4  

NON-VOLATILE 
PY RUVIC 89 
LAC1 I C  65 
OX ALACETI C 36 
OXAL I C  4 2  
MALONIC , - 
FUMAR I C - 
SUCCINI  C 16 

TOTAL 2 4 8  
NON-VOLATILE 

ACID - --------- CW 13 CW 14 CW 1 5  CW 16 CW 17 MPYR SM+K MF6 MF19* 

TOTAL ACIDS 

CW cultures are- from isolated colonies exhibit ing zones of c e 1  l u l  o s e  
hydrolysis. A l l  others are enrichment cut tures. 



TABLE 11 GAS PRODUCTION BY CELLULNYTIC 
f sOLATES AND ENRICHMFNTS 

Gas Produced 

- - CH4 



I n  continuation of studies begun l a s t  year, methanogenic enrichment 

cul tures were examined fur ther.  Acetate u t i l i z i n g  cultures were car r ied i n  

the ca lc iun acetate mediun o f  Baresi et.  a l .  (lW8), wi th  gas production and 

acetate consumption being monitored as shown i n  Figure 10. Af ter  an i n i t i a l  

transfer lag, methane was generated a t  a ra te  o f  about 4.2 micromoles/mill i ter- 

day and acetate was consumed a t  a r a te  o f  about 4.3 micromoles/mllli ter-day. 

The cultures thus show the expected one-to-one re la t ionsh ip  of acetate t o  

methane. The observation notes methane production rates were a1 so substantial  l y  

higher than reported 1 ast  year (1.9 m i  cromol es/mi 11 i 1 i ter-day) and re f l ec t s  the 

continued enrichment o f  methanogen i n  these cultures. 

Microscopic examinations revealed the predominant microbial form t o  be a 

large sarcina-1 ike  organism s im i la r  t o  tha t  described by Mah et. a l .  (1978). 
3 

Rol l  tube d i lu t ions  were made i n t o  the low yeast extract,  calcium acetate 

medium of Mah -- et. a l .  (1978) w l th  a N2 atmosphere. I n  t h i s  medium, methanogens 

form rock-hard col oni es composed o f  c e l l  s and deposited calcium carbonate. 

Subsurface colonies are a lso recognizable by the production o f  large gas 

bubbles which form between the agar and the glass o f  the tube. 

A l l  o f  the methanogenic iso la tes examined t o  date appear t o  be morpho- 

l o g i c a l l y  ident ica l  t o  Methanosarcina as described by Mah et. a1 . (1978). 

Pure cul tures o f  these organisms, however, have not been obtained. Contaminants 

appear t o  be l imi ted,  but  are e i the r  a moti le, curved rod-shaped organism or  a 

large, rod-shaped bacterium. The d i f f i c u l t y  i n  pu r i f i ca t i on  resu l ts  from the 

association o f  "contaminant" w i th  the methanogenic conglomerate i n  the o r ig ina l  

medium which i s  not  being e f f ec t i ve l y  dissociated during d i l u t i on  plat ing. 
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Several of these enrichment cultures and kelp digestion e f f l uen t  were 

forwarded t o  Dr. Robert Mah, UCLA, f o r  h i s  evaluation and it has been learned 

tha t  he has succeeded i n  pur i fy ing the kthanosarcina. Further, he has 

found t h i s  t o  be a h igh ly  gas vacuolated strain, i n  contrast t o  h i s  previously 

reported isolates which are non-vacuolated. He w i l l  be sharing h i s  findings 

w i th  us and w i l l  provide ,cultures f o r  fu ture  microbial in teract ion studies. 

As described above,' acetate enrichment cu l tu r ing  had been car r ied out i n  

the calcium acetate medium o f  Baresi -- et. at.  (1978), a medium h igh ly  buffered 

w i t h  insoluble calcium carbonate. Attempts t o  establ ish act ive  cul tures i n  the 

low yeast extract,  sodium acetate medium without calcium carbonate (Mah et .  J? ., 
1978) were generally unsuccessful. If, however, i n e r t  part iculates were 

added t o  the medium, methanogenesis (growth) was s im i la r  t o  tha t  i n  calcium 

acetate. Prompted by these resu l ts  and by others ( ~ L w e l  et.  al., 1978), which 

suggest tha t  attachment t o  par t i c les  allows methanogens t o  be retained i n  high 

ra te  digesters without washi ng out, a pre l  iminary study was made of the effect of 

various par t i cu la te  types o f  methanogenesis by enrichment cultures growing I n  

sodium acetate medium. Part iculates employed were ordinary sand, marble chips, 

act ivated carbon, and diatomaceous earth (Chromosorb P).  Results o f  these 

studies are shown i n  Figure 10 Control media (no par t ic les)  and media containing 

carbon supported only low leve ls  o f  growth and methanogenesis. Marble chips 

were not much bet ter .  Sand proved t o  be an excel lent material w i th  high rates 

of methane production. No a c t i v i t y  was obtained when Chromosorb P was used as 

a support and these data are omitted from t h i s  Figure. The mechanism f o r  observed 

i ncreased a c t i v i t y  w i t h  cer ta in  part iculates w i l l  be explored i n  the future. The 

increased a c t i v i t y  i s  probably re lated t o  two major factors: 1) increased surface 



TIME - DAYS 

Figure 10. Methane Generation by Acetate Enrichments Effect 
o f  Added Particulates 



area and 2) f i xed  communities o f  synergist ic  microorganisms. Why cer ta in  materials 

do o r  do not support these associations i s  unknown a t  t h i s  time, but may be due t o  

absorption, tox ic1 t y  , surface roughness and porosity, etc. E f fo r t s  w i  11 be under- 

taken t o  examine t h i s  area more thoroughly. 

Several small (less than 1 l i t e r  volume) expanded bed column systems as de- 

p icted i n  Figure 11 were constructed t o  study par t icu la te  attachment and methano- 

gmesis under f low conditions. The expanded bed design was chosen as i t  i s ,  by 

def in i t ion,  essent ia l ly  f ree f rom plugging, a problem w i th  packed bed reactors. 

Successful operation has, however, not  been achieved t o  date due t o  mechanical 

problems associated w i th  1 iqu id  recycle. 

I n  addi t ion t o  the studies on the conversion o f  acetate t o  methane described 

above, research e f fo r t s  are being focused on the reactions involved i n  the 

interconversion of low molecular weight intermediates, such as butyrate, lac ta te  

and propionate t o  acetate. I n i t i a l  approaches have been s im i la r  t o  those being 

used i n  the study of acetate and have involved the establishment o f  enrichment 

cultures from kelp digesters and other sources, which use these compounds as a 

sole carbon source. Mul t ip le  transfers r esu l t  i n  a select ion f o r  the organisms 

involved i n  these par t i cu la r  food chains, thereby f a c i l i t a t i n g  subsequent studies 

and iso la t ions.  

Butyrate enrichments were established i n  the medium o f  Baresi et .  a l .  (1978) 

by subst i tu t ing calcium butyrate f o r  calcium acetate. Batch k i ne t i c  data wi th 

these enrichments show as expected tha t  butyrate i s  converted sto ichiometr ical ly  

t o  methane v i a  acetate by these food chains (Figure'. $2). Methanogenic lac ta te  

consuming enrichments were a1 so establ i shed, but these requi r e  yeast extract ,  

suggesting a co-factor requirement by the food chain. Likewise, propionate 

cultures w i l l  grow wi th  yeast extract,  but  i t  has not ye t  been established 

whether these are u t i l i z i n g  the propionate. 
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Figure 11. Schematic o f  Column Test System 
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Figure 12. Production o f  Methane and Turnover of Butyrate and 
Acetate i n  Butyrate Enrichments 
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Further studies are obviously necessary i n  t h i s  area and w i l l  i nvo lve  

attempts a t  !sol a t i o n  and charac ter iza t ion  o f  the  microbia l  forms involved i n  

these important react ions. 

ANALYTICAL TECHNIQUES - 
The fo l l ow ing  ana ly t i ca l  techniques were employed dur ing th; course o f  

t h i s  study. 

1. V o l a t i l e  Fa t t y  Acids 

V o l a t i l e  f a t t y  acids were determined by ac id i fy ing ,  ex t rac t i ng  the sample 

w i t h  d i e t h y l  ether i n  the manner described i n  Holdeman and Moore (1975) except 

the r a t i o  o f  ether  sample was doubled, and Na2S04 was used t o  dehydrate the 

ether  extracts.  Chromatography was performed on a Varian 3700 gas chromatograph 

using the fo l lowing condit ions: 

Detector: Thermal Conduct ivi ty,  cur rent  195 mA 

Car r ie r  Gas: 50 ml/min Helium 

Column Temperature: 100°C, Hold 0, ramp 8"CImin t o  182"C, Hold 0 

Column: 1/4" OD X 4 mm I D  X 6 '  long glass 

Packing: 15% SP 1220/1% H3P04 on 100/120 Chromosorb W AW 

2. Non-Volati l e  Acids 

The methyl es ter  der iva t ives  were prepared i n  the manner described i n  

Holdeman and Moore (1975) and chromatographed on the same column as were the 

v o l a t i l e  f a t t y  acids. The column temperature was isothermal a t  115OC. A 

Flame Ion iza t i on  detector was used i n  place o f  a Thermal Conduct ivi ty detector 

because i t  was found t o  y i e l d  both b e t t e r  s e n s i t i v i t y  and b e t t e r  resolut ion 

o f  the ea r l y  peaks from the solvent f ron t .  



3. Permanent Gases 

A l l  gas samples are taken w i th  gas t igh t .  valved syringes. The volume reading 

on the syringe i s  the volume o f  gas in jec ted a t  the pressure i n  the sampled 

container. These values are corrected t o  a standardized temperature and pressure --- 
(60°F, 760 mm mercury) as are a l l  ca l ib ra t ion  data. The pressure w i th in  the 

sampled containers i s  determined e i the r  manometrical ly, by the method o f  Bal ch 

and Wolfe (1976) o r  by ca lcu la t ion f r o m  the syringe p is ton displhct.nent method 

of M i l l e r  and Wol i n  (1974). 

A. When not monitorinq hydrogen: 200 

Model 29 Gas Par t i t i oner  equipped 

tec t ion  i s  w i t h  two matched pa i rs  

one pa i r  determining the gases ex 

ut  i s  in jected i n to  a Fisher Hamilton 

w i th  two columns i n  series. Gas de- 

a f  thermal conduct iv i ty  ce l ls ,  w i th  

t i n g  the f i r s t  'column (6 '  X 1/4" 

aluminum tubing, packed w i t h  30 percent DEHS on 60/80 m s h  Chromosorb 

P), and the second p a i r  determining those gases ex i t i ng  the second 

column (6.5' X 3/16" aluminum tubing packed w i th  40/60 mesh Molecular 

Sei ve 13X). 

B. When monitoring hydrogen: 

Instrument: Vari an 3700 

Detector: TCD a t  195 mA 

Carrier: 30 ml/min Helium 

Column: 6 '  X 1/8" OD stainless packed w i th  80/100 mesh sperocarb 

Temperature : 140°C isothermal 

Note: The ca l ib ra t ion  curve 1s l fnear  up t o  4 0 ~ 2  hydrogen per in jec t ion  - 
(20%). Above t h i s  level ,  the hydrogen peak area declines, and eventually 

goes negative. Methane and C02 can be quanti tated simultaneously wi th 

hydrogen. 
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70 LITER ANAEROBIC DIGESTER 

The const ruc t ion  and t e s t i n g  o f  a secona 70 l i t e r  d igester  system, 

i d e n t i c a l  t o  t h a t  described i n  the  1978 Fina l  Report, was completed and the  

u n i t  was shipped t o  the Western Regional Research Center, Albany, Ca l i fo rn ia .  

It w i l l  be used f o r  t h e i r  substrate pretreatment and d igester  e f f l u e n t  

evaluat ion studies. 
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5.4 CONVERSION PROCESS DEVELOPMENT , 

INSTITUTE. OF GAS TECHNOLOGY 



INTRODUCTION 

This i s  an annual repo r t  f o r  1979 o f  I n s t i t u t e  o f  Gas Technology (JGT) 

Pro jec t  20502, "Reserach Study t o  Determine the  Feasi b i l  i t y  o f  Producing 

Methane Gas From Sea Kelp." This  research i s  an i n teg ra l  p a r t  o f  the 

Energy From Marine Biomass Program sponsored by the Gas Research I n s t i t u t e  

( G R I )  and managed by the General E l e c t r i c  Company (GE) The ob jec t i ve  t 
o f  the  ove ra l l  program i s  t o  determine the  technical  and economic f e a s i b i l i t y  fl i 

I 

o f  lbrge-scale commercial product ion ahd harvest ing o f  ke lp  i n  the  open I 
; I  , 
ij ; 

ocean and i t s  conversion t o  methane and valuable by-products such as food 
1 

and f e r t i l i z e r .  The i n i t i a l  ob jec t i ve  o f  IGV's pa r t  o f  t h i s  program i s  

t o  perform the laboratory-scale fermentat ion studies necessary f o r  t he  

design and operat ion of a large-scal e biomet hanation process f o r  product ion 

o f  methane from kelp.  

The goals o f  t he  laboratory-scale ke lp  anaerobic d iges t ion  studies 

a t  I G T  are the  fo l low ing:  

-- To e luc ida te  factors t h a t  l i m i t  fermentat ion rates and methane yields 

-- To determine operat ional  parameters t h a t  produce the  highest methane 

y i e l d s  and methane product ion ra tes  

-- To develop a k i n e t i c  model t h a t  w i l l  p red i c t  fermentation ra tes  and 

y i e l d s  under d i f fe ren t  operat ing condit ions, inc lud ing  loading, 

detent ion time, and e f f l u e n t  sol  i ds  recycle.  

The r e s u l t s  o f  t h i s  study w i l l  be implemented i n  the  design, construct ion, 

and operat ion o f  large-scale biomethanation systems under the management o f  IGT.  

Tne work reported here i s  a cont inuat ion of research i n i t i a t e d  a t  I G T  i n  

1974 through an in-house pro jec t .  This  u l t i m a t e l y  became par t  o f  the E w r g y  

From Biomass Program sponsored f i r s t  by the A.G.A. and now G R I  through i t s  
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prime contractor, GE. The detai led resu l t s  o f  t h i s  work appear i n  four 

unnuill reports and are sunwnarizetl i n  several pub1 i c a t  iorv,. Yrev io~~s  \tudlcbt, 

evaluated digester performance on various forms o f  kelp, inc luding r a w  kelp, 

pressed kelp ( j u i ce  removed), and kelp ju i ce  under conventional operating 

condit ions and both mesophil i c  and t h e m p h i l i c  temperatures. Based on the 

resu l ts  o f  these studies, the research reported here focused on mesophil i c  

d igest ion o f  raw kelp. 

The kelp d igest ion studies a t  IGT were reduced t o  a cu l tu re  maintenance 

leve l  i n  1979 because o f  budgetary constraints. However, the need f o r  

i nocul um maintenance and f o r  several ac t ive  digesters ready f o r  resumption 

o f  the normal experimental program was recognized. Therefore, instead o f  

j u s t  maintaining several digesters under standby operating conditions, IGT 

decided t o  conduct experimental d igester  runs w i t h  minimal sample and data 

analysis. Feed and e f f luent  samples were frozen and data stored f o r  fu ture  

analysis when funding becomes avai lable. The 1979 work plan r e f l ec t i ng  

the conduct o f  several experimental d igester  runs i s  out l ined i n  Table 

12 and discussed below. 

Base1 i ne and Stock Cultures 

Three baseline cul tures were maintained during the report  period, two on 

d i l u t ed  and one on undi luted kelp. These runs provided baseline performance 

data on d i f f e ren t  kelp l o t s  and served as contro ls f o r  several experimental 

runs. 

Determination o f  Nitrogen Requirements 

Duri ng 1978, reduced digester y ie lds  and s t a b i l i t y  were observed w i th  cer ta in  

kelp lots;  these problems could be a r esu l t  of feed-nitrogeq deficiencies. Because 



TABLE 12, OUTLINE OF IGT DIGESTER RUNS 

Nutrient Ex~erbents 

Feed Slurry of Lot 42 
Feb. 25 to March 31 
March 11 to April 8 
Feb. 18 to March 25 
March 11 to April 8 
Feb. 18 to March 18 
Feb. 25 to April 8 

133 Feb. 18 to March 18 
134 April 1 to April, 29 

l 
e.J 

Mannitol Experiment 

Nov. 26 to Dec. 30 

Plug Flow 

Aug. 20 to Sept. 16 
Oct. 21 to Nov. 18 

Hydrogen Repression Experiment and 
Ambient Temperature Marine Inocula Development 

Sept. 1 to Nov. 13 + Feed Slurry 
of Lot 48 
Sept. 1 to Sept. 30 
Oct. 7 to Dec. 15 
Aug, 26 to Sept. 30 
Oct. 7 to Dec. 15 

Baseline Culture and Evaluation of 
Different Lots of K e l ~  

Feb. 11 ta March 8 
Peed Slurry of Lot 46 
Dec. 15 to Dec. 30 (diluted Lot 0) 
Feb. 18 to March 25 (L - 0.15) 
Feed Slurry of Lot 0 
Sept. 9 to Oct. 7 (L- 0.10) 
Sept. 23 to Oct. 28 
(Undiluted Lot 48) 
Sept. 16 to Oct. 8 
(Diluted Lot 48 ) 



the e f f e c t  on d iges ter  performance i s  dramatic and has s i g n i f i c a n t  t o t a l  

systems imp1 i c a t  ions, several d iges ter  runs were conducted t o  q u a n t i t a t i v e l y  

evaluate the re la t i onsh ip  between ke lp  n i t rogen content and d igester  

performance. 

One 50-1  stock c u l t u r e  was developed and maintained on ke lp  dur ing the 

repo r t  period. This c u l t u r e  was fed  once per week and maintained a t  a low 

loading and h igh  re ten t i on  time. 

Manni to1 Experiments 

I n  1979, a ke lp  l o t  was received t h a t  resu l ted  i n  s tab le  d iges ter  

performance but  reduced methane y ie lds .  The low manni to1 content o f  t h i s  l o t  

was thought t o  be the cause o f  the low y i e l d s  because mannitol i s  the major 

biodegradable ke lp  component. The r e l a t i o n s h i p  between manni to1 content and 

. theore t ica l  and experimental methane y i e l d s  f o r  previous IGT ke lp  feeds and 

d iges ter  runs was evaluated. A new experimental run was begun t o  evaluate 

the e f f e c t  o f  added manni to1 content on d iges ter  performance. 

B a f f l e  Flow Digester  

I n  response t o  a review meeting on anaerobic d iges t ion  held a t  GE on 

June 12 and 13, 1979, and based on recent  repor ts  by DOE contractors, a new 

d iges ter  was designed, constructed, and subjected t o  p re l im inary  eval uation. 

The design i s  based on unmixed p lug  f low w i t h  b a f f l e s  t o  promote so l i ds  

s e t t l i n g  and t o  prevent shor t  c i r c u i t i n g .  . The purpose o f  the design was t o  

mi nimi ze cost  and promote phase separat ion and so l i ds  retent ion.  

Inoculum Evaluat ion 

Marine inocula derived from anaerobic sediments near ke lp  beds may be 

capable o f  improved ke lp  conversion. Performance o f  runs conducted i n  1978 



was s fmi lar  f o r  marine and sludge inocula on freshwater d i lu ted  kelp. The 

object ive of t h i s  task was t o  compare the perfarmance o f  the two types of 

lnocula on undi luted k e l ~  which has a hibher s a l t  content than freshwater - 
d i lu ted  kelp. I t  i s  possible that  fresh water d i lu ted  kelp resulted i n  

select ion away f r o m  halophl l ic( ')  bacteria i n  the 1978 experiments. 

Loading-Retenti on TimeSol i d s  Recycle 

A1 though high methane y ie lds  and stable digester performance have been 

achieved w i th  both undi luted and f reskiater  d i lu ted  kelp, select ion o f  one 

o r  the other feed types w i l l  depend upon associated digestion kfnetics. The 

k ine t i c  parameters for both feed types w i l l  be determined by observing digestion 

performed a t  d i f f e ren t  loadings and retent ion times. Because sol ids recycle 

improves digestion kinetics, para1 l e l  runs w i th  sol i ds  recycle w i  11 be included 

as par t  o f  t h i s  task. 

During 1979, digesters were developed t o  and maintained a t  the f i r s t  set 

o f  operating conditions f o r  these experiments. These experiments were not 

conducted because o f  spoilage (a t  WRRC due to  re f r ige ra t ion  breakdown) of the 

kelp l o t  used t o  develop these runs and because o f  uncertaint ies about the 

v a l i d i t y  o f  using discontinuous d a i l y  feeding f o r  k i ne t i c  studies. 

O i  gestars 

Two types o f  digester uni t s  were used f o r  most o f  the runs reported 

here. One type consisted o f  glass un i t s  wi th a cu l ture  volume o f  1.5 l i t e r s ,  

shaken continuously a t  approximately 130 rpm using a New Brunswick gyratory 

shaker and incubated a t  3 5 O  C i n  a thermostat-controlled environmental chamber. 

The other type had a cu l ture  volume o f  10 l i t e r s ,  was maintained a t  a constant 

temperature using heating tape connected t o  a temperature control ler ,  and was 

mechanically mixed ccrntinuously a t  150 rpm. A l l  digesters were operated a t  

( l )halophl l  i c  - halogen o r  r a l  t - lov ing 



35 '~  unless otherwise speci f ied. Gas c o l l  ect ion and measurement were accompl i shed 

by displacement o f  ac id -sa l t  so lu t i on  from ca l i b ra ted  gas burets. A l l  i 
1 

d igesters were fed d a i l y  except where otherwise speci f ied.  The d e t a i l s  o f  
I 

I 

d iges ter  design and operat ional  procedures were presented i n  t he  February 1978 i 
b 
E 

annual repor t  f o r  t h i s  p ro jec t .  I 
A b a f f l e  f l o w  d iges ter  was made from 1/4 lnch  p lex ig lass,  as shown i n  I 4 

Figure 13. The d igester  had a  c u l t u r e  volume o f  9.8 1, was fed w i th  a  50 m l  1 
1 

syr inge, and maintained a t  3 5 ' ~  i n  a  thermostat-control 1  ed environmental chamber. ! 
This u n i t  was not mixed mechanically and gas c o l l e c t i o n  and measurement were 

accomplished by displacement of ac id -sa l t  so lu t ion  from ca l i b ra ted  gas burets 

a s  described i n  previous repo r t  o f  t h i s  p ro jec t .  

A 50 1 stock c u l t u r e  was maintained a t  room temperature i n  a  15 ga l lon  

polyethylene drum. This d igester  received und i lu ted  ke lp  a t  a loading o f  
P 

3 0.025 l b  V S / f t  day. Feeding frequency was once per  week. On a  dai l y  1 

schedule, gas was released and the d iges ter  shaken manually. Per iod ica l  l y  i 

(about once per month) samples were taken fo r  measurement of pH and v o l a t i l e  z 
-$ 

, .  - f a t t y  acids. 

Feeds -- 

Raw kelp (RK)  was used i n  a l l  runs dur ing  t h i s  repor t  period. This 

feed was harvested by WRRC, d r i p  drained o f  physical ly-attached sea water 

chopped, ground, and frozen p r i o r  t o  use. Table 13 l i s t s  shipments o f  ke 

received from WRRC and used f o r  t h i s  study. The i d e n t i t y  o f  d i f f e r e n t  ke 

feed l o t s  used fo r  speci f ic  runs i s  shown i n  Table 14. A l l  ke lp  feeds were 
1 

analyzed for  moisture, t o t a l  so l ids ,  v o l a t i l e  so l ids,  ash, heat ing value, 

and the  elements C, H, and N. 
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Figure 13. BAFFLE-PLOW DIGESTER 



Date Date 
Wrves ted - Receivcg 

Number of 
URR.C Kelp Lot Cartons 

* 
U.S. Department of Agriculture Western Regional 
Research Center, Albany, hlif. 



Run 

8 

128 

129 

130 

132 

133 

1 34 

135 

136 

137 

138 

139 

119 

121 

tP-1 

39 

4 1 

42 

\ 

Table 14, RX,P LOTS DStO 1979 DIGESTION BUNS (Continued) 

m c *  Kelp Lot 

11/21/70-2/5/79 
2/6/7$-5/1/79 
512179-10/9/79 
10/10/79 to prerent 

9/12/79 to present 

10/2/78-3/24/79 

7/13/79 to prerent 
9/29/78-4/25/79 
4126179-5/1/79 
5/2/79-5/30/79 
5131179-7/5/79 
7/6/79 to prenent 

9/22/70-3/28/79 , 

3/29/79-5/5/79 
5/6/79-6/13/79 
10/30/79 to prerent 
9122178-3/13/79 
3114179-5/5/79 
516179-10/29/79 
10130179 to prenent 

U. S. Depart~~cnt: of Agriculture Weatern Regional 
k ~ u c h  Center, Albmy, Calif. 

Bun teraiiuted 

Run terrier ted 
Run tormin8ted 

Run termhrted 

Run terminated 

Run t ermlna t ed 

Run terrriaated 



Table 14 ,Coat. KELP W T S  USED FOR 19f9 DIGESTION RUNS (Concluded) 

Run URRC* Kelp Lot Date 

9/22/78-3/28/79 
3/28/79-5.5.79 
5/6/79-10/29/79 
10/30/79 to present 

9/22/78-3/13/79 
3/14/79-5/5/79 
5/6/79-6/13/79 
6/14/79-7/11/79 
7/12/79-30/29/79 
7/30/79 to present 

- 

* 
U.S. Department of Agriculture Western Regional Research Ccnter, Albany, Calif. 



Inoculum A was o r i g i n a l l y  der ived from a  mixture of e f f luents  from an IGT p i l o t  

scale d iges ter  t h a t  was rece iv ing  municipal s o l i d  waste-sewage sludge and from a  

municipal hfgh-rate d igester .  This inocul  um was gradual ly  converted from a  

feed o f  municipal s o l i d  waste/sewage sludge t o  raw kelp, has received raw 

ke lp  under a  v a r i e t y  o f  operat ing condi t ions since Ju l y  1975, and i s  cu r ren t l y  

the inoculum used f o r  most o f  the  experimental work reported here. 

Inocul um G 

This inoculum was developed a t  room temperature from anaerobic marine 

sediment received from Kerckhoff  Marine Laboratory. During the i n i t i a l  per iod 

o f  development, the  d iges ter  received sodium acetate and yeast ex t rac t .  Later  

on, i t  received increasing pulses o f  sodium acetate and undi lu ted kelp. The 

feed was gradual ly  converted t o  und i lu ted  raw kelp alone a f t e r  the successful 

development o f  inocul  um. 

Inocul  um H 

Inoculum H was developed a t  room temperature from the anaerobic marine 

sediment co l l ec ted  i n  Newport Harbor, Ca l i f o rn ia .  I n  t he  beginning, the 

d iges ter  received mixtures o f  sodium acetate and sodium formate and yeast 

ex t rac t .  La ter  on, i t  received increasing pulses o f  und i lu ted  raw kelp and 

mixtures o f  sodium acetate and sodium formate and f i n a l l y  the feed was 

converted t o  undi lu ted raw kelp alone. 

Ana ly t i ca l  Methods 

The ana ly t i ca l  schedule employed f o r  maintenance 1  eve1 d igester  operat ion 

i s  shown i n  Table 15. The frequency o f  operat ional analys is  was reduced and 

feed s l u r r y  and e f f l u e n t  samples were stored f o r  f u tu re  analysis.  



Table 15 . @ALYTICAL SCHEDULE FOR MAINTENANCE-LEVEL 
DIGESTER OPERATION" . 

C 

Analyeis Frequency 

Gas Production Bkasurcmcnt ily** 

PH Daily 

Temperature Daily 

Volatile Acids Bimonthly 

Ces Composition Bimonthly 

Conductivity Monthly 

Alkalinity Monthly 

Feed Slurries and Effluent Frozen for 
Samples of Rups ac Steady State future analysis 

iL 
All methods used as described in the h u e 1  Report, 
Project 6118, February 1978. 

** 
Not corrected for changes in temperature and 
atmospheric pressure. 



- -- --- . . .. . . - . -- - . - - . . . , . . . 

Calculat ions 

Equations for ca l cu la t i ng  performance parameters were presented i n  l a s t  

year 's repor t .  D a i l y  gas product ion data were no t  corrected f o r  f l uc tua t i ons  
I 

i n  temperature and atmospheric pressure. Instead, they were a1 1 normalized L j 

t o  the average temperatureand pressure f o r  t h i s  area, i .e., 2 5 ' ~  and 29.8 i n .  H9. 

A1 though t h i s  method reduced data processing time, I t  could r e s u l t  i n  a 
A I 

+ lo% e r r o r  f a c t o r  i n  data presented. - : / 
RESULTS AND DISCUSSION 

I f n t roduc t ion  

1 This sect ion i s  based p r i m a r i l y  on mean performance data o f  d igester  runs 
I 
; 1 dur ing select  periods o f  s tab le  o r  steady-state performance. Deta i led weekly b 1 

I 

I and steady-state performance data w i l l  be made ava i l ab le  when funds are  

ava i lab le  f o r  more thorough analys is  inc lud ing  analys is  o f  frozen e f f l u e n t  . ,  

samples and co r rec t i on  o f  gas product ion data f o r  f l u c t u a t i o n  i n  ambient 

temperature and barometric pressure. 

:1 
i Charac ter is t i cs  o f  Feeds i 

The physical and chemical cha rac te r i s t i cs  o f  a l l  l o t s  o f  ke lp  used during 
I i 
8 

the repor t  period are  l i s t e d  i n  Table 16. A l l  ke lp  l o t s  had a s i m i l a r  
. . 

I' 
f 

moisture content, however, Lots 46, 47, and 48 were s i g n i f i c a n t l y  lower f n  

v o l a t i l e  sol ids,  carbon, and heat ing value. 

Lots 42 and 49 were both d e f i c i e n t  i n  n i t rogen and required n i t rogen supplement 

f o r  s table d igest ion.  Considerable v a r i a b i l i t y  was observed i n  the mannitol 

content o f  d i f f e r e n t  l o t s .  The e f fec ts  o f  the d i f ferences i n  proper t ies o f  

ke lp l o t s  on theore t ica l  and experimental methane y i e l d s  and d igester  performance 

are d l  scussed be1 ow: 





Maximum Theoretical Yields and Heat o f  Reaction 

To evaluate performance o f  kelp digestion runs and provide a basis for  

establ ishing target  y ie lds,  calculat ions o f  maximun theoret ical  y ie lds  of 

methane from the bimethanation o f  d i f f e ren t  l o t s  o f  raw kelp (RK) were made 

using the data i n  Table 17. These y ie lds  were calculated as follows: Composi- 

t i ona l  data were used t o  calculate the empirical formulas o f  each raw kelp 

(RK) l o t .  Stoichiometric equations f o r  the conversion o f  each feed t o  methane 

were expressed as SCF/lb VS added. Because a f rac t ion  o f  organic matter i n  

a1 1 bacter ia l  fermentations i s  converted t o  bacteria, these y ie lds  were 

corrected for c e l l  synthesis using the data reported by McCarty and Speece 

and McCarty for  the anaerobic digestion o f  pure carbohydrate and protein. 

The f i n a l  theoret ical  methaie.yields are reported i n  Table 17, 

Theoretical y ie lds  f o r  kelp l o t s  used during the report  period ranged 

from 5.34 t o  6,97 SCFIlb VS added. I t  i s  not  surpr is ing t ha t  these y ie lds  are 

d i r e c t l y  re la ted t o  v o l a t i l e  sol ids, carbon content, and heating value. The 

re la t ionsh ip  between mannitol content and methane y ie lds  i s  discussed la te r .  

. d 

StockIBasel i ne Cul tures 

Three runs were maintained on freshwater d i lu ted  kelp as stock o r  baseline 

cul tures during the report  period. Run 8, operated a t  a loading o f  0.1 Ib.  

V S / F ~ ~  day and retent ion time o f  15 days, exhibited man methane y ie lds  o f  . - 
3.14 and 3.20 SCF/lb VS added on kelp l o t s  44 and 46 respectively. (See 

L 

. . 
h 
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Table 1 7 .  TBEORETICAL BETUNE YIELDS KIR KELP USED DURING 1979 

Stoichlomttric Corrected 
Yie ld ,  SCF lb I If r l d  , SCP/lb 

Kelp Lot ~~pirlcal   or mu la^ VS added PS uI&dc 

a Excluding N, P, and S. 

Assumes that the reactants are kelp + H20 and the productta are CH4 and C02. 

Corrected for bacterial production, assuming 20% of soluble carbohydrate 
and 7 Z  of soluble protein for cell maintenance. 



A ~ 8 1 ~ o i r  Lot 46 Lot 44 (617-158-0) 

Data Period 2112-3/11/79 11/26-12/30/79 

Ratention Tlnr in  hoaram 
Gu Yield@ 8C?/lb VS added 
Ilrthrae Cooteat, lrol I! 
Ilrtb.lrr! Tiald, W l l b  VS dded 

thrrr hoductiolr Rate, 
W?/f t 3 culture-thy 

Tot81 Volatile Acid@, mg/L a8 acetic 
u b l i d t y e  88 c8W9 

8b.n Cawtic Added, feed 



One stock c u l t u r e  was maintained on und i lu ted  ke lp  (Lo t  44) a t  two 

d i f f e r e n t  loadings. The methane y i e l d s  were 3.71 and 2.34 SCF/l b VS added f o r  

3 loadings o f  0.1 and 0.15 l b  V S / f t  day respect ive ly .  As was observed i n  1978, 

und i lu ted  ke lp  d igesters were s tab le  but  had h igh concentrat ions of v o l a t i l e  

acids. Note t h a t  the methane y i e l d s  o f  und i lu ted  ke lp  Run 121 were higher than 

t h a t  o f  Run 8, which received d i l u t e d  kelp a t  the same loading. (See Table 19). 

This r e s u l t  may be a t t r i b u t e d  t o  the longer re ten t i on  t ime associated w i t h  the 

undi 1 uted ke? p feed mode. 

Gas product ion measurements were not  made on the  50 l i t e r  stock c u l t u r e  

maintained a t  room temperature on und i lu ted  kelp i n  a polyethylene drum. 

The pH was s tab le  above 7.0 and v o l a t i l e  acids concentrat ion below 200 mg/l (as 

ace t i c )  i n  t h i s  cu l tu re .  

Nut r ien t  ----- Experiments .- 

I n  1978, i t ' w a s  shown t h a t  c e r t a i n  l o t s  o f  ke lp were n i t rogen d e f i c i e n t  

r e s u l t i n g  i n  d iges ter  i n s t a b i l i t y  and reduced methane y i e l d s .  Addi t ion o f  

supplementary n i t rogen t o  a C/N r a t i o  o f  15 restored performance t o  normal. 

Phosphorus was apparently not  1 i m i  t i n g  because supplemental phosphorus has 

no observed e f f e c t  on performance i n  the presence o f  excess ni trogen. Because 

ke lp  n u t r i e n t  content i s  so s i g n i f i c a n t  t o  conversion y i e l d ,  and performance i s  

undoubtedly in f luenced by n u t r i e n t  concentrations i n  the growth environment, 

experiments were conducted t o  def ine the c r i t i c a l  C/N r a t i o  f o r  ke lp  

fermentation. 



Loading, 0.15 Loading, 0.10 
Anallrrir 1b ~ S l f t 3 - d r y  l b  V S / ~  t3-day ' 1 

I ] 

Period 

Retoation T i r w ,  dry8 

Retoation T h r  in Pro~rerr 

Cu Yield, SCFllb WS added 



Several d iges te r  runs were i n i t i a t e d  t o  determine the minimum C/N r a t i o  

needed t o  g ive  non-ni trogen-1 i m i  ted performance. Six runs operated a t  a  loading 

3 o f  0.1 1 b V S / f t  day and a r e t e n t i o n  t ime o f  15 days received n i t rogen supplements 

s u f f i c i e n t  t o  adjust  the  C/N r a t i o  t o  a  range o f  14 t o  24. Two add i t i ona l  runs 

received phosphorus t o  f u r t h e r  substant ia te 1978 data t h a t  had shown tha t  

phosphorus was not  1  im i t i ng .  ine k i p  l o t  used fo r  there experiments, Lot 42, 

had a C/N r a t i o  o f  24 and C/P r a t i o  o f  129. The r e s u l t s  o f  these runs are 

presented i n  Table 20 and Figure 14. 

A l l  runs rece iv ing  feed C/N r a t i o s  greater  than 14 exh ib i ted  reduced methane 

y ie lds ,  i n s t a b i l  i t y ,  and accumulation o f  high concentrat ions o f  v o l a t i l e  acids. 

Although data and e f f l u e n t  samples from these runs w i l l  requ i re  f u r t h e r  

analysis.  p re l im inary  r e s u l t s  suggest t h a t  the  c r i t i c a l  C/N r a t i d  f o r  ke lp  

d iges t ion  i s  14. As was observed before, phosphorus supplement d i d  not  

r e s u l t  i n  improved d iges ter  performance. 

Data reported by Lindner e t .  a l .  ind icates t h a t  seasonal f luc tua t ions  i n  the 

n i t roqen content o f  ke lp  occurs and i s  re la ted  to  n u t r i e n t  concentrat ion i n  

surrounding waters. With respect t o  the  k e l  p  farming concept under 

evaluat ion i n  the  Marine Biomass Program, some cont ro l  over ke lp n i t rogen 

content might be exercised by v a r i a t i o n  i n  upwell ing  waters. 

Ef'fect o f  Mannitol on Theoret ical  and Experimental Yields - 
During 1979, a ke lp  l o t  (Lot  46) was received and tested which gave a  low methane 

y i e l d  even though d iges ter  performance was qu i te  stable. Further evaluat ion of 
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the composition of tha t  l o t  disclosed that  i t  was low i n  mannitol content 

(5.19% dry weight) compared t o  tha t  of the other l o t s  used previously i n  

t h i s  program which was t y p i c a l l y  greater than 14% dry  weight, Because manni to1 i s  

the major biodegradable component o f  kelp, the lower y ie lds  were a t t r i bu ted  t o  

the low manni to1 content. To fu r the r  evaluate t h i s  e f fec t ,  previous data 

obtained on ke lp digest ion a t  I G T  were evaluated f o r  a re la t ionship between 

feed manni to1 content and t h e ~ r e t i c a l  and r e a l  methane y ie lds.  

(See Table 21 and Figures 15 and 16. ) Ftgure 15 shows that, i n  general, both 

theoret ica l  and experimental y i e l d s  increase w i th  manni to1 content; however, 

the data points are scattered and thus no t  su i tab le f o r  predic t ing t h i s  e f fec t .  

Figure 17 shows a p l o t  o f  the r a t i o  o f  experimental t o  theoret ica l  y ie lds  versgs 

manni to1 concentration. This l i n e a r  relat ionship,  w i th  a coe f f i c i en t  detarmination 

o f  0.93, can be used t o  predic t  methane y i e l d  given the kelp empirical formula 

(estimated from CHO analysis) and the manni to1 content, as shown i n  Equation 1. 

Y~ = YT (0.02 [Xml  + 0.375) Equation 1 

Y E  = Experimental Methane Yield, SCF/lb VS added 

YT  heo ore tical Methane Yield, SCF/lb VS added 

[XITI]. Manni to1 Concentration, % dry weight 

I n  order t o  fur ther  evaluate the above equation f o r  predic t ing the e f fec t  

of mannitol on methane y ie ld ,  Run 138 was established on Lot 46 which has a low 

mannitol content o f  5.19 weight percent. This run i s  operated a t  a loading o f  
3 0.1 1b V S / f t  -day and retent ion time o f  15 day has s tab i l i zed  a t  a methene y i e l d  

of 3.0 SCF/lb VS added (see Table 22). This run w i l l  receive mannitol supplements 

i n  a stepwise manner t o  determine the methane y ie lds  a t  10, 15, and 20 percent 

mannitol a t  the same loading and retent ion time o f  the i n i t i a l  control  run. 

Manni to1 concentration a1 so appears t o  be inversely re la ted t o  digester 

s t a b i l i t y .  Although t h i s  e f f e c t  has not been documented quant i ta t ive ly ,  



" 
Table 21. T U  EFFECT OF WAlONITOL CONTENT ON TEEORETICAL AND EXPERIMENTAL 

mTIUWE YIELDS 

Theoretical * 
hnni to l  Content, Methane Yield. Hethane Yield, 

Lo t - X dry wt SCF/lb VS added 

* Analysis conducted at WRRC. 



METHANE YIELD. SCFIlb VS. addad . 



Table 22 STEADY-STATE PERPORMNCE UID EFFLUENT QUALITY DATA FOR CONTROL 
RUN 138 OF MMNITOL EXPERIHENT WITH KELP LOT 46 

(Loading 0.10 lb VS/ft$-day; Retention Time 15 days: Culture Volume 1.5E : - - 

temperature 35%) 

Analysis . . Run 138 

Date Initiated 

Data Period 

Number of Retention Ti91es 
i n  Progress 

Gas Yield, SCF/lb VS added 

Methane Content, mol % 

Methane Yield, SCF/lb VS added 

Methane Production Rate, 
scp/ft3 culture-day 

Total Volatile Acids, mg/a as acetic 

A l l n t y  mg/P as CaC03 

Hean Caustic Add.ition, mg/E feed 



digesters receiving kelp 

stable when e i t h e r  chang 

l o t s  w i th  

i n g  operat 

a high mannitol content appear t o  be' less 

i n g  condit ions o r  when operating a t  high 

loadings. We hypothesize tha t  t h i s  i n s t a b i l i t y  i s  re la ted t o  the f a c t  tha t  
4 

manni to1 i s  rap id ly  decomposed, and w i th  a d a i l y  feeding schedule, the products 

of i t s  rap id decomposition r e s u l t  i n  a d a i l y  shock t o  the fermentation. This 

shock might explain i ns tahq l i t y  observed i n  high loading runs, inc lud ing 

several thermophi 1 i r  experiments. This e f f e c t  should be ca re fu l l y  documented 

by conducting daily-feed and continuous-feed experiments under the same operating 

condit ions. Continuous feeding should el iminate the shock e f fec t  o f  rap id 

manni to1 metabolism, permit operation a t  hisher loadings, and r e s u l t  i n  stable 

performance. These experiments might also po in t  out the inval  i d i t y  o f  using 

dai ly- feed digester runs f o r  k i n e t i c  studies. 

Ba f f l e  Flow Digester 

A 10 1 b a f f l e  f low digester was constructed from an o ld  s e t t l i n g  tank and 
3 operated on freihwater-di luted kelp a t  a loading o f  0.1 l b VS/Ft -day and 

hydraul ic re ten t ion  time o f  15 days w i th  20 percent volumetric e f f l u e n t  recycle. 

The object ive o f  t h i s  run was t o  evaluate performance o f  a digester design tha t  

i s  simple, does not require mechanical mixing, resu l ts  i n  microbial phase 

separation (non-methanogenic and methanogenic phases), and maximizes re ten t i  on 

cf feed sol  i ds  and m i  croorgani sms. 

The performance o f  t h i s  digester i s  shown i n  Table 23 and Figure 17 

The methane y i e l d  reached 4.5 SCF/l b VS added, compared w i th  3.0 SCF/l  b VS f o r  

CSTR digesters. Run 44, which was a CSTR digester, operated under the same 

conditions. Performance i n  the b a f f l e  f low run was also very stable. (See 

Table 24.) 

Operation o f  the b a f f l e  f low digester was terminated i n  mid November 

due t o  s t ructura l  ' f a l l y res  which were not repairable. IGT has proposed 
-- -_ - - _  
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Loading, 0.05 Loading. 0.10. 
Analysis . lb V S / ~  t3-day lb V S / ~  t3-day 

Date Initiated 7/13/79 7/13/79 

Data Period 8/20-9/2/79 10/15-11/18/79 

Number of Retention Times In Progre 2.5 1.0 

Gas Yield, SCF/lb VS added 6.20 7.98 

Hethane Content, a01 X 

Xethane Yield, SCP/lb VS added 

Methane Production Rate, 
SCF/~ t3 cul ture-day 

Total Volatile Acids, / a  as acetic 
Alkalinity, .~g/fi  as CaCO) 

Hean Cau~tic Added, feed 

* 20% of the effluent by volume was recycled. 
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TOTAL VOLATILE ACIDS 
mg /l or aeatlc ocid 

0 

F l  gure 17. Performance ofgBaffle-Flow Digester (Run PF-I)  i t h  Kelp Lot 48 
(Loading 0.10 1 b V S / f t  -day; Retention Time 15 days; Plug Flow 3 5 O C )  



Table 24. STEADY-STATE PERFORMANCE DATA FOR RUNS 43 AND 44 WITH - -T 4& (Culture Volume lot; 
Loading 0.15 l b  VS/ft3-dry; T erature 3S0C; 

Retention Time IS &+) 

Run No. 

Date Initiated 

Data Period 9110-10/14/79 

Wumbtr of Retention Times i n  Progress 1.0 

Loading, 1b V S / ~  t3-day ; 0.15 

Gas Yield, SCF/lb VS added-day 5.83 

Hethane Content, 9.21 X 52.9 

Methane Y i e l d ,  SCF/lb VS added-day 
, 

3.08 

I4thaae Production Rate. SCF/~ t3-culturrday 0.86 

Total Volatile Acids, l a  as acet ic  2890 

Alkalinity. mg/E ac CaC03 8970 



construction 

including an 

and evaluation of t h i s  and other simple digester systems f o r  1980, 

expanded bed digester des9gn. 

Marine Inocula 

Runs 136 and 139 represent experiments w i th  two marine inocula derived 

from anaerobic marine mud a t  room temperature (ca. 2 G ° C )  on undi luted kelp. 

Previous marine i nocul a evaluated a t  IGT were developed on freshwater-di 1 uted 

kelp, which may have resul ted i n  se lect ion away from ha loph i l i c  bacteria. 

Stepwise increases i n  kelp loading f o r  the current runs were preceded by 

pulses of acetate ( i n  Run 136) o r  a mixture o f  acetate and formate ( i n  Run 139). 

The object ive o f  these pulses was t o  precede buildup o f  acid-formers by an 

a r t i f i c i a l  bui ld-up o f  methane-formers, thus minimi zing the shock normally 

observed w i th  increasing ke lp loading. Data i n  Figures 18 and 19 ind icate tha t  

t h i  s technique proved successful f o r  bui 1 dup o f  the cul ture. No s ign i f i can t  

differences were observed w i th  the use o f  acetate alone o r  i n  combination wi th  

formates. Both runs achieved steady s ta te  a f t e r  about 3.5 months a t  a loading 

o f  0.1 l b  ~ s / ~ t ) - d a ~ .  The methane y ie lds  as shown i n  Table 25 were 2.62 and 

2.44 SCF/lb VS added f o r  Runs 136 and 139 respectively. These are lower than 

the y ie lds  o f  3.21 and 3.43 observed f o r  Runs 41 and 42 which were operated under 

s im i l a r  condit ions bu t  a t  a higher temperature o f  35OC. Note tha t  a1 1 o f  these 

runs receiving undi lu ted  kelp had high concentrations o f  vol a t i  1 e acids. These 

resu l ts  emphasize the need f o r  f u r the r  invest igat ion o f  factors that  1 i m i  t 

conversion o f  v o l a t i l e  acids t o  methane. 

Maintenance o f  Digesters f o r  K inet ic  Studies 

Runs 41 and 42, which received undi 1 uted kelp, discussed above, and h . 1  

-- - 
Runs 43 and 44, which received freshwater-diluted kelp, were maintained during I ;  i 

L 1  > 

the repor t  per iod under the f i r s t  set o f  conditions for k ine t i c  studies. 
I 3 



TOTAL VOLATILIE ACIDS, 
mg/L or aertk acid 

Figure 18. Performance of Run 136 a t  Room Temperature With Undiluted Kelp Lot 48 



TOTAL VOLATILE ACIDS, 
1ng/1 or a d c  odd MEAN METHANE YIELD, 

SCF/ lb VS addad 
0 

o o - ~ ~ r o o + e r 3 -  

t- RTE 

Fioure 19. Performance o f  Run 139 a t  Room Temperature With Undil 
/- . 

uted Kelp L 
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Table 25 COWARIS OF DIGESTER P CE OP RUNS 13 
S 41 AND 42 STARTED IGT' s INOCULUU A 
Loading 0.10 Ib VS day; Retention Ti 

te Initiated 

ta Period 

l p  Lot 

thane Yield, SC / l b  VS added 2.62 2.44 

thane Product ion 
culture-day 

Total Voleeilc Acids, 3360 2170 

Alkalini ty , IL as CaC03 - 11,360 13,370 

k a n  Caustic Addition, nreq/t feed 0 0 



Accidental spoi lage of ke lp  Lot  47 intended f o r  these studies prevented 
3 conversion t o  t he  next  h igher loading o f  0.15 1 b V S / f t  -day for  the undi lu ted 

ke lp  runs and 0.175 f o r  the  d i l u t e d  ke lp  runs. We now bel ieve t h a t  k i n e t i c  studies 

should be conducted using autofed d igesters  capable o f  continuous feed. I G T  

plans t o  renovate and place i n t o  operat ion the  10-1 autofeeder system 

supplied by GE i n  1977. I n  addi t ion,  we recommend t h a t  IGT's 400-1 autofed 

d iges te r  be placed i n t o  operat ion e a r l y  i n  1980. These digesters could be 

used t o  document the e f f e c t  o f  continuous feed on k i ne t i cs  and d igestor  s t a b i l i t y  
1 

as we l l  as t o  develop the  k i n e t i c  data needed f o r  process scaleup. 

Conclusions ------.-- 
Approximately 35 d i g e s t ~  runs were conducted i n  1979, 20 o f  these 

achieved steady s ta te .  The crude gas production data on these runs provided the 

fo l low ing  informat ion;  

-- Methane y i e l d s  from several ke lp  l o t s  w i t h  d i f f e r e n t  compositions. 

-- Addi t ional  data on d i l u t e d  and undi lu ted ke lp  digest ion.  

-- Prel iminary d e f i n i t i o n  o f  t he  c r i t i c a l  maximum C/tJ r a t i o .  f o r  ke lp  d igest ion.  

-- Development o f  a model t h a t  pred ic ts  the re l a t i onsh ip  between methane 

y i e l d  and manfli to1 content. 

-- Evidence t h a t  an unmixed ba f f le - f low d igester  design gives higher 

y i e l d s  and more s tab le  performance than a CSTR d igester .  

-- Performance o f  marine inocula developed a t  room temperature on 

undi lu ted kelp. 

Although a crude eva luat ion and i n te rp re ta t i on  of data obtained can be 

made, a v a l i d  assessment w i l l  depend upon fu tu re  analysis o f  frozen feed 

sf u r r y  and e f f l u e n t  samples and o f  corrected gas production data. These runs 

and associate sample were i d e n t i f i e d  i n  a l e t t e r  t o  GE and proposed f o r  1980 

e f fo r t ,  
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In t roduc t ion  

The o v e r a l l  ob jec t i ve  o f  the Energy from Marine Biomass Program i s  the 
development o f  a system f o r  large-scale comnercial product ion and 
harvest ing o f  k e l p  (Macrocystis py r i fe ra )  i n  the ocean and i t s  conversion 
t o  methane and valu&le by-products such as food, feed, and f e r t i l i z e r .  
W R R C o s  cur ren t  ob jec t i ve  i n  the program I s  t o  develop treatments t o  
increase methane product ion by increasing substrate d i g e s t i b i l i t y  and 
t o  determine by-product value o f  fermentor e f f l u e n t  as animal feed o r  
f e r t  i I i ze r .  

Previous con t r ibu t ions  by WRRC t o  the program have included the development 
o f  a process t o  reduce the water and ash content o f  kelp.  Grlndtng, therrno- 
chemical treatment, and pressing are used t o  reduce the ash and water con- 
ten t  by about 70% wh i le  r e ta i n i ng  about 70% o f  the v o l a t i l e  so l ids .  WRRC 
has invest igated and spec i f i ed  standard ana l y t i ca l  procedures used on kelp.  
Ex i s t i ng  analyses were adapted f o r  use and new procedures were developed 
where necessary. WRRC has used these analyses t o  choose candidate treatments 
t o  increase substrate d l g e s t i b i l i t y  and t o  est imate s o l i d  e f f l u e n t  feed 
value and f i n a l l y  WRRC has cor re la ted  g r ind ing  energy w i t h  substrate p a r t i c l e  
s i ze  f c r  both impact and a l t r i t l o n  m i l l s .  

Due t o  1 i m i  ted funding, WRRC operated i n  a maintenance mode dur ing calendar 
year 1979. No research was undertaken. Tasks f o r  1979 were a) ob ta in  and 
maintain e x i s t i n g  cu l tu res ;  b) obta in  and process ke lp  i n t o  su i t ab le  substrate 
and supply, as needed, t o  o ther  contractors;  nd c)  co l  l e c t  and accumulate 
e f f l u e n t  f o r  poss ib le  f u tu re  small animal feeding studies.  

Work performed dur ing 1979 

A. Bench reactor  operat ion - and maintenancz 

During 1979, WRRC operated three ferment,ors, a 100 l i te r ,  a 50 1 l t e r ,  and a 
10 l i t e r  s ize.  Both 100 and 10 l i t e r  fermentors were establ ished dur ing 
1978 and t h e i r  operat ion was continued under steady-state condi t ions dur ing 
1979. The 50 l i t e r  fermentor was suppl ied t o  WRRC by GE and i t  was sub- 
sequently assembled and i n s t a l l e d  w i t h  some modi f ica t ion,  charged w i t h  ac t i ve  
c u l t u r e  from the 100 l i t e r  fermentor, and brought t o  steady-state condi t ions.  

100 1 1  t e r  fermentor operation. Operat ing parameters a t  the beginnir,g o f  
the year were a loading r a t e  o f  0.1 lb .  vs/day/cubic ft. and a re ten t ion  
time of  20 days. Gradually the loading r a t e  was increased and the re ten t ion  
time decreased u n t i l  by mld-Apr i l ,  the base- l ine steady-state condi t ions of  
0.15 lb .  vs/day/cubic ft. loading ra te  and 15 days re ten t ion  time were 
reached. Typical  steady-state gas y i e l d  was about 6.0 SCF/lb. vs,with a 
methane content of about 45% Operat lng condl t Ions are summarized i n  
Figures 20and 21, 



CONDUCT I V ITY 

p mho/cm 
Lot 42 Feed P c.3 

Loading 0.1 l b  V S / F ~ ~  2 
Retenti on 20 Days 0 3 3  ~ 3 3  

Lot  43 Feed 
Add Nutr ients 4 T-' I Stop Nutrients 

?- i 
= i  

Retention 15 Da s 
I= k a d i n g  0.125 I$ 

Loading 0.15 l h  

= I 
o t  46 Feed 

f 

Lot 48 Feed 

Z - t  

ALKALINITY 

mgll as CaCD3 

TOTAL VOLATILE ACIDS 

mg/l as acet ic  
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CHANGES I N  OPFRATING PARAMETERS BY MGNTH 

Figure 21. Typical Methane Yields far 100 LSter Fermentor 
(Mid-Month Values Plotted)  



10 l i t e r  fermentor operation. D i f f i c u l t y  was experienced i n  the e a r l y  pa r t  
.of the year duo t o  equipment mal funct ion r e s u l t i n g  i n  two shutdowns. Af ter  
same equipment renovat ion and care fu l  cu l  tu re  establ  ishment , problems were 
remedied by mid-Apr i l  a t  which t ime base- l ine steady-state condi t ions were 
reached. f y p l c a l  steady-state gas y i e l d  was 5.5 SCF/lb. vs w i t h  a methane 
content o f  about 45%. Operating condi t ions are summarized i n  Figures 22 and 23.  

50 l i t e r  fermentor operation. This fermentor was received from GE i n  ea r l y  
1979. The fermentor was designed w i t h  large feed and e x i t  p o r t  openings to  
accomodate large ke lp  sTzes.   his fermentor w i l l  be used t o  - 
co.rrelate p a r t i c l e  s i t e  w i t h  fermentor perfermance. The fermentor was 
i n s t a l l e d  and s l i g h t l y  modi f ied t o  improve operation. I n s t a l l a t i o n  o f  
associated plumbing and gas c o l l e c t i o n  and moni tor ing equipment was com- 
p l e ted  by December. The c u l t u r e  was Introduced i n  l a t e  December and had not 
had enough time t o  reach base-l ine steady-state condi t ions by the end o f  the 
calendar year. 

B ioassa~ .  Major modi f ica t ions were made i n  the system t o  f a c i l ' i t a t e  cu l t u re  
t ransfer  and feeding and e l im ina te  leaks. I n i t i a l  t e s t i n g  was undertaken. 

Kelp supply 

Four harvests were,-completed and processed dur ing the year, two from 
loca l  ke l p  beds i n  Monterey Bay, and two from Southern C a l i f o r n i a  beds 
harvested by S tau f fe r  Chemical Company. Table 2 6 l i s t s  per t inen t  data on 
these harvests'. Lot  49 ke lp  was set  aside for  exc lus ive use by IGT 
because I t s  mannitol content was judged more su i t ab le  f o r  experimental 
runs. Lots 46-48 contained unusual l y  low manni t o !  contents and were 
used by WRRC f o r  maintenance o f  our cu l tu res . ,  

C. E f f l uen t  accumulation 

Samples o f  e f f l u e n t  were f rozen and stored f o r  possib le l a t e r  use i n  animal 
feeding studies.  



Figure 22. Typical Operating Conditions for 13 LS ter Fermentor 
(Mid-Month Va'lues Plotted] 
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F i  gufe 23. ' Typ i c a l  Methane Yields f o r  10 L i t e r  Fermentor 
(Mid-Month Values Plotted)  



SUMMARY OF HARVEST DATA AND COMPOSITION 
1 

i Harvest Date 1 /24/79 

i Harvester  WRRC 

Loca t i on 

Lot Nurnbe r 

Sample No. 

Santa Cruz 

4 6 

687- 162 

To ta l  So l i ds ,  % 10.31 

Dry Mat ter  Composition 

Ash, % 47.01 

V o l a t i l e  So l i ds ,  % 52.99 

N i t rogen,  % 2.03 
r 

Fat, 4; 1.55 

F ibe r ,  % 6.57 

A l g i n ,  % 18.97 

Mannitol, % 5.19 

3/2 1/79 

W RRC 

Santa Cruz 

47 

687- 163 

10.45 

45.44 

54.56 

2.15 

0.89' 

5.32 

18.87 

5.18 

4/29/79 

S t a u f f e r  

So. C a l i f .  

4 8 

687- 164 

11.12 

46.17 

53.83 

1.73 

1.51 

.6.20 

14.18 

9.06 

l O/ 16/79 

~ t i u f f e r  

So. C a l i f .  

4 9 

687- 166 

12.00 



6. SPECIFIC OBJECTIVES AND WORK PLAN FOR 1980 

The fo l low ing  sect ion describes i n  d e t a i l  those ob ject ives and 

a c t i v i t i e s  planned f o r  1980 and fo r  the next several years as many of thc 

tasks are longer term cont inu ing e f f o r t s .  I f the required funding becomes 

ava i lab le ,  several new tasks w i l l  be i n i t i a t e d  which are a lso included i n  

the f o l  lowing descr ip t ion,  These tasks include (1  ) addi t iona l  marine t e s t  

farms i n  near-coastal waters, both natura l  and man-made, (2) scale-up 

d igester  design, (3) system analysis and engineering, etc.  As o f  t h i s  

w r i t i ng ,  however, the Marine Biomass Program i s  s t i l l  funded a t  a leve l  which 

does no t  provide f o r  i n i t i a t i o n  o f  these addi t iona l  tasks. 

A de ta i l ed  plan f o r  the conduct of farm mod i f i ca t ion(s )  conceptual 

trade-offs has been developed. Further, a pre l iminary  spec1 f i c a t i o n  i d e n t i f y i n g  

the requirements t o  which subsequent designs w i  11 be produced has been prepared 

and reviewed w i t h  G R I  and SERI technica l  personnel. I n  addi t ion,  a concept 

scor ing system has been developed. Both o f  these documents w i l l  be forwarded 

t o  G R I  f o r  review and approval by May 1, 1980. 



WORK PLAN - 1980 

A. MARINE FARM SYSTEMS 

1. Maintenance 

2. OSTF Refurbi shment/Repai r L ! 

3. OSTF Design Concept Analysis and Trade-off 

4. OSTF Mods Model Testing 

5. OSTF Mod Design 

6. OSTF Mods Construction 

7, Instrumentation System 

8. O i  spersi on Sys tern 

9. Materi a1 /Hardware Tests 

10. Drag Model Development 

B. KELP Y IELD/BIOLOGICAL STUDIES 

1. OSTF Yie ld Measurements 

2. Laboratory Studies 

3. Planting Techno1 ogy Development 

4. Methods Development 

C. KELP BIOMASS COWERSION 

1. inocul a Research/Development 

2. Digestion Systems R/D 

3. Pretreatment a Posttreatment R/D 



0. SYSTEMS ANALYSIS 

E. ENGINEERING SUPPORT AND CONSULTATION 

F. NYS-ERDA 

1. Species Select ion/Col lect ion 

2. Species Eva1 uat ion 

3. S i t e  Select ion 

4. Systems Analysis 




