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Introduction

Due to the inevitable depletion of the once vastly abundant fosail fuels, Lt 1s of prime
importance to seck new sources of available energy. The U.8, Department of Eneryy
(DOE) ls presontly consldering the potentinl of cultivating plants on large-scale enorgy
farms solely for the purpose of fuel production. . Among some fundamental quastions that
must be answered before serious consideration can be given to large-scale energy farms
arc: What plants should be grown, and will the plantas chosen compete with our vital food,

fead, and fber-producing plants for land, wator, and fertilizer ?

In present agricultural practice a sustalned photosynthetle solar conversion efficiency
of 1'} ropresents a high yield corresponding to an average U, 8, production of 33 mt/ha/yr
(15 t/nc/yr) dry welght. ; Sugarcane and sorghum can be expected to double this unnual
productivity. $ The highly prolific water hyacinth ls expected to achleve a solar conversion
officloncy of 4% or gruutara and produce four imes more blomass annually than average

U.8. conventlonal agricultural erops.

Cultivation of higher plants for tho specific purposoe of fuel production is not cec.iom-
ienlly feaslble at presont, A Howaver, cultivation of higher plants for uae In wastewater
treatment, and Incorporation of these plants Into a syatem where the blomass Is harvested
for fuel production is economically appealing at the present time. Since this biomass s
a by-product of wastowater treatment, it has a positive environmental impact, and thus

poses no threat as a compotitor to food, feed, or fiber-producing plants.

NASA has dovelopod and is operating vascular aguatic plant wastewator treatment sy s-

toms for both domestic and chemlcal wastes at the Natlonal Space Technoloyy Laboratories

[I~IE\TI,,'_|.'|"'“Ir As a part of this program and a Life Sclences study, NASA has Investigated a



vurlety of plants which have at least one common characteristle, L e., a high potential
productivity when cultdvated and harvested to achieve optimum growth condltions. During
the past five yoars that these systems have boon In operation, NASA has boen continuously
soarching for the most produotive means of using the harvestod plant blomass. One such
maothod of uslng tho blomass by-product [rom agquatle plant wastowater treatment systoms Is
the converalon of the plant material Into methane through anaeroble digestlon. For a review
of anaeroble digestion see National Academy of S-Eilﬂlf.‘:llﬂs. Jﬂhﬂﬂﬂl‘lﬂ. and Singh, = Tho
energy produced from blomaas digestion can be uased for asration and othor wastewater

treatment enorgy roquirements, Tho residual sludge from the digestors con also be used

[or ferdllzer, fced products, cte.

NASA's original studies on the bioconversion of water hyacinths Into methane in 1975
conslsted of simple batch fermentations requiring long digestlon poriods of 90-120 days. :
In an offort to minimize tho digestion time, recent studiea have focused on two-phase diyes-
tlon chambora using the annerobie filtor concopt flrst demonstrated by Young and MeCarty &
for reduoing the biochemleal oxygen demand (BOD) of wastowater, The Ovst chamber con=
tadns the pulp (fiber), water and plant julges from the blending process. The secomd cham-
bor s an anaerobic flltor conalsting of a vessel packed with inert pea gravel which provides

an extensive surface aroa for rocoiving only liquids from the [iber containing chamber,

Wator hyacinth (Elchhornia crasslpes), duckweed (Spirodela sp. and Lomna sp, ), wator

pennywort (llydrocotyle ranunculoides} were the aquatic plants used In this study. The

highly prolific torrestrial plant Pueraria lobata, commonly referred to as kudzu, was

mixed with duckwoeds for increasod methane production,

The kudzu vine 1s one of the most prolifie terrestrial plants on earth and covers thou-

aanda of acres In southorn and contral states of tho U, 8, Kudzu possesses several chirac=



latics which mako it an ldeal candldate for enorgy farme. It grows rapldly by elthor veye-
tatlve menns or seeds. Each vine can produce 1-1.5 foot of now vino each day. It Is o
hardy plant as evidenced by its roelstance to eradication. Since tho kudzu vine is o legume,
it can thrive In poor soil that is usoless for agriculture and actually Improves the luml by

roatoring nitrogon to the acll, Duo to (s long roots; Kudzu can also withstaml dreoughts,

Materiala and Methods

Water hyacinths, duckweeds, and water pennyworts uacd in these experiments were
grown on sewigge logoons located at the National Space Technoloyy Laboratories,  Rwdi
vines were collected from flelds noar NSTL. The whole planta were blended Into o slurry
with approximately one milliliter of tap water por gram wot plant and placed into an s=liwy
pluss vesael,  This vossel contalned amall pea gravel, 9 em doep, In the bottom,  The 5=
liter vessel was connected o 730-ml glass vessel (annoroble Olter) which was filled with
amall pea gravel (see Figure 1), Fifty milliliters of bactoriad secd solution [rom wn on=
polng anaeroble digeator was addod to the intttal atart-up batch,  Liquld from the s-1iter
vosse]l wis pumped theough the anaerobile flter and reeyeled through the lurge vessel con-
Hnuous!y ® houres per day,  The anperoble flter wis kept sealvd as new Lt ol plant
material were plded to the digester.  The digestion temperahire was madntadned ot 47
1% uning an lneubatoy, Gas samplos woro taken through the rubbor septum and analyzed
with a Fleher=Hunllton Gas Partitionor Model 20, Tho total volume of gas produeed wis
mensured as the volume of water displaced.  The tnitinl plant samples were anadyzed hy

Haltech Selentillie Sevvicea.

Roesults amd Macugslon

Kight experiments wore conducted to detormine the digestlon times and the totad vol-

wme of methene that can bo obtained from wator hyacintha, duckwoeds, water pennyworts,
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Flgure 1. ‘Two-stage anacroble digester avalem for producing methame.




and combinations of duckwend/water hyacinth and duckweed/kudzu ueing the anaercbic filter
tochnique. The age of the anasroble filter was also noted in order to observe Improvements

in tho efficlency of the methane production rates as a functlon of the anaerobic [ilter ago.

The ratos of mothane production for the eight experiments have boen graphically com-
parcd in Figures 2 through 4. Figures 2 and 3 show a definite Improvemont in the rate ol
methano production once the anaerobic filter has been matured through at least one digestion
eycle, As shown in Figure 2 and Tables 1 and 2 for experiments 1 through 3, there was
furthor Improvement in the performance of the anaerobic filter during the third digestion
eyela, thus indicating that the microblal balance In the anaerobic filter of the facultative,
acid-forming, and methane-producing bacteria is still changing in order to achieve an op-
dmum balance. After the anaerobic filter portion of the system has been scaled and ma-
tured, tho flltor should nover bo reopened and replaced unless by accident the bacterial

balanco ls irreverslbly upset.

Tho raw data for the totnl blogas and mothane production is givon In Table 1, The
digestion time varled from 15 to 30 days with an average of 23 days. The digestion tHme
has boon dramatically reduced by approximately 75% from the previcus batch digestions,
Thureforo, the slzo of the digestlion chambers can bo reduced accordingly in order to gen-

orplo the aamo volumo of blogas and mothane.

Tho caloulnted rosults are shown In Table 2, The maximum velume of methano pro-
duced for water hyacinths and wator pennyworts in this study was 0. 108 mﬂfk;: (3.17 “:iﬂh]
and 0. 140 maﬂt.s[ (2. 34 lta..l"'lhj* rospectively. Slnce the Initial anacroble fltor age was ap-
proximately the same, results indicate that the water hyacinth Is easler to anacrobically

formont than wator pennywort. This obsorvation Is further substantiated by the data pre-
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Table 1, Final results for expariments 1-8, (gas volumes as moasurasd al 37°C)

Wet Dry Total Total Initial Digostion
Exp. # Plant Woight, Wolght, Biogas, Meothane, Filter Ago, Time,
kg kg litar ltar Days Days
1 water hyacinth 3. 00 0. 150 36. 28 11.1 0 2
2 wator hyacinth 2,07 0, 140 4,33 22.5 22 2
a water hyacinth 2,00 0,100  37.5 20.8 46 22
i wator ponnywort 2.07 0,106 33,1 15,1 0 24
5 wator ponmywort 2: 15 0,108 28.7 16,6 43 21
] §0:80 water hyaolnth/
dhuglowood 2. 00 0. 100 40.1 22. 0 164 21
T thuckweod 2,00 0,100  21.0 11.2 27 15
8 1:2 hudzu/duckwood 1.47 0. 150 T1.7 44,5 188 30

Tabla 2, Calculated results of experiments 1-8, (all gns volumes corrected to 20°C)

Exp. # Tutal Blofas® h CHy Total Methanc*

m3/kg /b m3/kg £3/1
1 0,222 3. 56 31,0 0.070 1. 13
2 0. 270 4,43 2.0 0. 143 2i il
1 0, 506 5.7l 66.5 0. 198 3.17
4 0, 200 4. H0 45. 06 0.137 2.10
] 0, 263 4.006 &67. 8 0. 146 2.8
i 0,381 G.11 o6, 4 0,216 .45
T 0, 200 3. 20 63,3 0, 100 1. 71
8 0, 454 T 20 62.1 0.282 4, 534
* dry walght
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sentad in Table 3. The water hyacinth has approximately twice as much hamicelluloso con-
tent as the water pennywort. Hemicellulose is a substance found in plant tssue that s more

complex than a sugar but less complex than collulose., Therefors, the hemicollulose |s gan=
ernlly considered more amenable to bacterial degradation than cellulose, The lignin con-
tonts In the wator hyacinth and wator pennywort did not diifor significantly. In faot tha lig-
nin contents of all four plants used Ln this study were low. In anaeroble digestion Processos,
lignin {8 conslderoed to be & nonblodegradablo substance which reduces the avallability of

tho cellulose to bacterial attack.

Duckweod alone only produced 0. 108 mag"lq{ mathang (1.71 [ta.-"'ll.:L The waler hya=
clnth/duckweed mixture produced an even higher amount of mothane, 0, 215 maﬂtg (3. 45 rt:],.-‘
). Howevor, it must be noted that tho higher rosults with this mixture may be due o the
anperoble filter age ef 104 days. The duckweed could also supply a more avallable lorm

of nitrogen to the bacteria.

Very Interesting rosults werae obtalnod with the duckweod/kudzu mixture,  Although
the mixture vequired 30 days for digestion complotion, it produced 0, 282 mn,.-"hp, {;'II_I
(1. &d Ila.-"lh}. The initlal anaoroble (ltor age was 188 daya. The proinlsing results from
this one oxperimont with kudzu could be due to the highor sollda conoonteation beeouse
kudzu Is approximately 20'; dry matter as opposed to §% for most aquatic plants, Further
experiinents and moro detalled analyses are planned In order to lurther verily the results

from experlment 8 and to determine the exact reason for the high methane production

capacity from this terrestrial plant.

Teblo 4 shows the gross or proxamate composition of the plants prior to anacroble

digostion, The duckweed had the highest erude proteln content of 3775 of dry welght, The

17



Table 3, Cellulose, hemicellulose, and lignin analyses,

%, Dry Weight
Plant Cellulose Hemilcellulose Lignin
water hyacinth 21,5 33.9 6.01
water pennywort 15.7 15.1 7.28
duckweed 10.0 21.7 2,72
kudzu 26,2 20.8 10.5
Table 4, Proximate composition.
%, Dry Welght
Crude Total
Plant Proteln Fat Fiber Ash Carbohydrato
watar hyacinth 14.17 1.59 18.86 11,1 64,0
water pennywort. 23,4 2.19 11.8 17.4 45, 2
duckweed a7.0 3.40 15.6 12,5 31.5
kudzu 16,3 2,11 31.3 8.2 42,1

Note: total earbohydrate = 100-(crude protein + fat + [iber + ash)



kudzu had the highest fiber and the lowest ash content, Table § glves the nitrogen, phos-
phorus, and potasslum contents of the planta on a dry welght basls. These elements are
the mos. common ones noted in order to judge fertlizer value. During anacrobic digestion,
some nitrogen ls gencrally lost. The extent of denltrification is dependent on the method
and care of the anaerobie digestion and also on the inltial C:N ratio. The C:N ratios of the
plants used in this study are given in Table 5, In general, the lower the ratlo, the higher
the nitrogen loss due to a surplus of nitrogen, However, all of the minerals such as potas=-
slum and phosphorus will remain in the sludge. In fact, these minerals will be more con-
centrated due to a reduction in the initial solids content from loss of nitrogen and carbon in
the forms of ammonla, nitrogun gas, methane, and earbon dloxide during the anacrobic di-

gestion, A amall amount of sulfur will also be lost in the form of hydrogen sulfide.

Table 5, Miscelloncous elemental nnalyses,
"6 _Dry Woight

Plant Nitrogon Phosphorua Potassium Carlbon CiN
waler hyncinth 2,35 0,440 1. 04 30,0 17:1
witor pennywort 3. 75 0.606 2,80 37.0 10:1
duckweed 5,02 0. 955 2.91 43. 7 T:1

kudzu 2.61 0.222 1.83 43,1 17:1




Concluslons

1I

d.

4.

5.

Anasyobic flltera reduce the total digestion time to an average of 23 days as com-

pared to 90 days with simple batch digestion.

The maturity of the anaerohic filter is important to the overall efficlency of the

ayatem.

The descending order of anaeroblc digestibility of the four plants used in this study

ls: kudzu, water hyacinth, water pennywort, duckweed.

Based on an estimatad potential productivity of 154 mt/ha/yr for the water hyacinth
grown in highly enriched !agoons, s one hectare of water hyacinths can gencrate
enough blomass to produce at least 30,500 ma (1,076, 000 ﬂ.a} of methane by the

anasrobic fAlter technlque.

The kudzu vine demonastrated a high potential methane production per unit dry mass.
Theae very promising results in conjunction with ita Mgh productivity and hardinesas
make 1t an 1denl candidate for terrestrial energy farms on land that Is not sultable

for agricultural use.
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