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ABSTRACT

Photosynthesis is examined as a possible annually renewable resource
for material and energy. The productfon of fermentation a]cohd] from
sugar céne as a hajqr component of materials for chemica] feedstocks is
'_examined‘as we]]‘as_the'direct.photosynthetic production of‘hydrocarboh
.from khown plant sources. | | |

vb Experiments are underway to analyze the hydrocarbons from Euphorbias,
AéCﬁépias and other hydfocarbon-containing plants with avview toward |
dete?mihing their yariou§“Chemica1 components. In addition,.experimenta]
plantings of p]énfs of this type have begun to obtain daié on'Which
"species would be the most successfu]. ‘Work is a]sbiunderway on the
deve]opmeht of}chemicaT process techniques for the extraction of plant
materials after harvesfing.

| In addition, efforfs are underway to‘construct'syntﬁetic systems on
the basis of our kﬁow]edge of the natural bhotosynthetic processes. .
These systehs could bé used to produce fuel, fertilizer and pbwer. As
a result of studies of the natural quantum canerSion process-in green}‘
pTants, we can envisage several photoelectron transfer processes, some
of which have é]ready been demonstrated fn synthetic systems. Methods
of constructing systems of this type and the principles of their use

are described.
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INTRODUCTION

I will discuss work that is the'practical appfication 6f a basic
research activity in which ourvlabOkatory has been éngagéd for over
thirty years. We got fnto fhfs practica] application by a crossing of
two quite‘different opportunities that gave rise to the present situation.
Most of you may rémember the.dil embargo of the fa]]vof.1973 when at
least fn Ca]ifornfavwe-couldn't go to the local gas station and gét-our .
tanks fi]ied fmmediate1y. wé had.to wait in line, sometimes for as much
a§ an hour or more, to get to the gas pump. During one of those periods
1pf'Waiting, I had éhple opportun{ty‘to_think about this Situafibn with
Vthe idea 6f diScoyering if’we; és scientists, coqu prevedt_a_similar
situation from recurring.

During thié interval I recognized.that my‘wifé‘s gardening aftivities
on our ranch might actually contain at léast a partiaT solution to the
problem. The juxtaposition of the existence of the latex-containing
.'plants growing on our ranch in Northern Ca1ifohnié and the realization
that the latex was a hydrocarbdn emulsion which_mahy green.plants produce
led to tﬁe whole structure of the present activity. |
v May 1 introduée first the nature of the energy problem. Energy use
in the Unitedistates in 1976 is shown in ngu}evl; This diagram contains
three messages. First, you shou]d,récognize that natural gas, coal and
0il (all fossilized photosynthetic_pfoducts) represent a 1itt1é more than
95% of our energy supply, the»rest of our reSourcés are very small com-
pared to thosé three. Secohd]y,-abouf half of the total energy cdntaihed_
fn the supply is 1ost»in‘a_non—u§efu1 fashion, called rejected energy, in

which the heat or energy content becomes. available at_too low a temperature
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to be useful in any practical way. The largest fractfon of useful energy,
on the other hand, results from the fact that the sfgnificaﬁt energy‘uses 
- are-industrial, and.commercial and residential heating;.those uses rgpresent
‘the relatively efficient uses of ehehgy because energy in terms of heat‘is
not limited by thevCarnpt 1imitation, i.e. it is not used to creat

‘mechanfca] work. 'Most of the energy used for heating only, therefore
. comes out at.uéeful témperatures. When-tﬁe‘enérgy must be converted into
mechanica]'wbrk (as in automobiles) .or when if-is uéed'to turn a turbine
“in an e]éctric generator, then the efficienéy is set by the Carnot limitation
which is determined by»;he difference in the tWo'temperatures_befween which
the machines Work; fhe efficiency is very much less. Large fractibns'of
: bur‘enérgy éréﬁloét in(nonfusefu] forms , eithér through the'radiator,§fj
the automobile or outtthe exhauét,pipe; the same thing cdn be said of
‘turbines of'fhé'electric generating system. The thifd message is that in
1976 there weré 15 units of imported energy. You may remember that in
1973 or 1974_we ihstituted our Prbject Independehce.and the energy impqrts
that year were 12.9 units. This différence in the imported enefgy units
and the backwards prbgress we have made.in.the two years between 1974 and
1976 shows fhat thé problem of imported ehergy cannot be solved by
appiication‘of ordinary efforts. The petro]epﬁ material simply is not :
available for'discovéry, Whiéh is another reason that the energy supplies

cannot be increased by an increased rate of petroleum discovery.

ENERGY: PRESENT USE, COSTS AND_AVAILABILITY

Raising the price of petroleum and naturéT gas cannot increase
production indefinitely. When you realize that oil and natural gas sup-
plies are, for the mosf part, the fossilized remains of photosynthetic

activity of several million. years ago, there_muét be a iimit as to how
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‘much is available. Many people havé tried to estimate what that supply
Timitviﬁ; I am‘hot going to try to reproduce all the arguments_to indicéte
" that there is a 1imit. It stands to reason that there must be a limit,
and one can make calculations, assuming that all the oxygen in the atmosF
phere came from the reduced carbon that is in the ground.

A more pract1ca] way to estimate ava1]ab1]1ty is to find and measure
the rate of discovery. The rate of discovery of 0il as a function of the
humbek of'feét of wel] drilled, whfch_fs a_Very good'meaéufe of the effort
- it takes to fiﬁd 0oil, is shown in Figure 2. For the period 1920-1950 the

rate of oil dlscovery per unit well drilled was about the same. For
every 100 mil]ionvfeet,of well drilled there were about 20,000 million
bérre]s.of oil.discovered, and that was cdnsfant for almost thirty years.
By 1950 the slope changed very sharply and'the rate of discovery per 100
jmillidn feet of well drilled was much smaller: about 7000 million, roughly
a factor of three. The o0il and natural gas are being used up, and it is
neceSsany_to drill more and deeper wells in order to fihd.the same amount
~of oil. The discovery rate is clearly approaching zero. If I had'used
dollars instead of feet, the curve would héve been even sharper, because
the éost of drilling a million feet in 1940 was much less than iﬁ 1970.

| The millions of barrels per dollar spent would'héve been very much less:
in 1970 than it was_in 1940. I feel, however, the drilling measure is
better, since it reduces the»r61e of the inflation and ther factors. The
Adata'on Figure 2 indicate the real measure of the difficuTty of new dis- '
qoveries, that is, a measure of the exﬁauStion of the supply. An'a]most
_idéntica] gréph can be prodﬁcéd for'natufal gas in the United States. The
‘Same typé Qf difficulty of discovery and exp1oration is occurring with -

“natural gas supplies as with petroleum SUpp]ies.
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Informatlon about the wor]d oil d1scover1es exc]ud1ng the USSR
Eastern Europe and Ch1na, is shown in F1gure 3, which has t1me as an.
abscissa instead of feet of well dr111ed Even though the number of feet

of well dr111ed per year wor]dw1de has increased, the actual g]oba] sup-

_ p11es are dropp1ng. Th1s 1nformat1on includes the extrapo]at1on of the

more recent discoveries from. Alaska, “the North Sea, etc., soO you'can:see
that the supp11es are d1m1n1sh1ng worldw1de

There is another method of measuring the 01] reserve or supp]y,.
which cou]d be done through the price. Prlce however, is not only a con-
sequence of supp]y but also has in it some p011t1ca1 or soc1a1 dec1s1ons

The price ref]ects not on]y lack of supply but a]so the po11t1ca1 factors

- which control the supp]y, in add1t1on to the geo]og1ca1 factors The

- price history of oil, coal and natural gas is given in F1gure 4. :For about

ten years the price stayed almost constant; it started'up in 1971, with a

trememdous increase occurring in 1973. The price is still rising. Prices

~will undoubtedly go even higher, and the extrapolations represent what the -

chemical companies use as projected future costs in order to construct:

factories based on those costs. There is hardly any question about1What_‘
wi]]-happen to the price of fossil hydrocarbon in. the next decade or two.
There will, of course, be short-term price f]uotuations,fhut the trend i
is c]ear,. ‘ |

The purpose of the_]ast_three figures is to try to convince you that
our,sUpp]y of fossil hydrocarbon is graddally being exhausted in spite«of'
the comment that if we spend more money, more oil will be discovered. I
think there is a limit as to how far that argumeht can be carried. The
fossilized photosynthetiC'carbon is being consumed, and I doubt that there

is any ambiguity about the evidence.
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I want to show one more piece of evidence, from King Hubbert, who Has

- been discussing this prob1em_pub1fc1y'for at least five years; that evidence
" is his_famous diagrah (Figure 5)'of'h0w the fue]s; sbecifically coal and 0il,
come into and go out of use. If infofmation on wood had been included, it
wou]d'have.showh that wood was the most importanf fuel about 1800;'but con-
sumption fell off as coal was discovered and then oil took over in the early
tWentieth century, so that by 1970 0il was the dominant source. However, by
~ the year 200, the pkediction'is that 0il1 will héve peaked out. I believe
King Hubbert is correct in his;gueéstimates:.we may peak out before that
time, aﬁd then the 0il1 will be exhausted. The area under the dark region
repfesents the tota]lamount of 0i1 which is avaiiab]e for use and, similarly, .

the area under the shaded region, marked coal, represents the amount Qf coal

energy available for use.

Constraints on the Use of Coal as a Pétro]eum Substitute

“You can easily sée that there is an enormous amount of coal still
.avai]ab]é; This fact has induced the President of the United States to say
v]ast spring that we shouid devote our biggeét effort to findihg‘ways to use
coal as an energy sourée in place of oil1 and natural gas. There are incen-
tives now to induce industry to tfansform their power plants from oil anq
gas to coal, if it can be done. This is the réversé of the trend introduéed
thirty years ago, when industry.converted from coal to oil and natural gas.
Now.that the re]ativéTy clean fuels are bein§ ekhausted_the'political
p]anners of the United Stateé are frying to reverse fheir-use; I believe
this acfua]]y'will occur.

_ ~ There are other constraints on coal which have only recently come to
Tight, largely since people are beginning to think about the expansion of

' cdalbas a source of energy. It is not that these effects were unknown; it
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is simp]y_that the other constraints on'thé use of coal are being taken
'Somewhatvmofe seriously. The well-known effects are: (1) the_en?irdnmenta]
cost in terms bf the Iandritself.(éfrip mining) and (2) the environmentai'
"hea]th aspect, which has been well established as a serious dccupationa1-hazard.
| Some of you may recall what Eng]énd Iookedvlike 50 years ago; When'

practica]]x their entire energy supply came from the bufning of cpa]. It was
pretty black, particu]ar]y“around Manchester, Birmingham, and the‘Midlands
area. ‘When I left the University at_Minneapo1iS I went to Manchestér, where
I arrived on a Sunday night in 1935, ft was very'dark. Not only was.it-' |
dark, buf the budeings were all black. They were burning coal, and the
ash and soot collected on the bdi]dings; they had not yet leafned'to clean
them up. When we returned to Manchesfer abouf-fen years ago, the buf]dings  
had been cleaned; it was hard to recognize the cityf. The Britiéh have béen :
going away from Coal for the last tWenty years as an energy source. ;Ohe of
thé consequence;'of bUrnfng coal is the production of soof. In more |
séienfificél]y dégigned combustion chambers~thefe is hot.aS'mdch sdoﬁ prodﬁced,
but the CO2 prob1em.is not eliminated. The particulates (carcinogenic hydro—_
carbons) that come ouf of the stacks can be reduced by better combustion o
prdtesses or filtration. The one.thing that cannot be done 13 to éliminate;
the carbon dioxide. | _ o v | .

While I call your attention’to_thevpbtenéial carcinogen'prdduction by
extended use of coal (F}gure 6), you must also recognize that4itjis possfb]e
to'brevent that, at a cost. If coal isvliquefied (for example, in a 25,000
ton of coal/day plant), the liquid will contain 200,000 pounds of polycyclic
“aromatic hydrocarbons_;nd 10 1bs./day of benzopyrene, one of the most potent
aromatic carcinogéh-produ¢ing chemicals, whose:mechahism of actidn we haVe
somevrea$on to believe we uhderstand. This is not a comp]eté]y'ihsolubie

prob?em,fbecause at a cost the benzopyrene_éan.be removed from the oil, or
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. it can be prevented from appearing. Natural petroleum in the ground contains
1-5 ppm of benzopyrene, while oil broduced»fromvcoal contains 10-100 ppm,
i.e. 10-20 times the ooncentration-of the natural petroleum. We will need
the coal olants for future energy supplies, but they need to be cleaned up.
We need all of the energy sources that can be called upon to fulfill

the needs that hi]] be forthcoming, not only nationally but globally. In

the United States we wiii probably be "short" about 20 quads by the year
2000, it is estimated. You wi]T recall that our total use in 1976vwas'about
70 quads, and it is projected that we will be ehort 20 ‘quads by 2000. To
give you some idea of the significance of that shOrtage; the shortage in

]974 as a resu]t of the 0il embargo}was one quad. A shortage of-20 quads
will be very large indeed. ‘Therefore, we will need all of the sources we

can call upon: coal, nuclear, solar.

Effect .of Increased Carbon Dioxide.Concentration in the Atmosphere

| The 1onger4term global effects of increased coal consumption should
a]so be recogniied When fossil carbon of any kind is burned the carbon :
from the stored pool in the ground is converted to carbon dioxide which 15'4
released into the atmosphere To c]ose that cycle, the plants have to take
the carbon d1ox1de from the atmosphere and reduce 1t again: one sink for the
CO2 which is put into the atmosphere is photosynthet1c act1v1ty and the other
is thé ocean itself in the form of a ea]c1um salt which d1sso]ves in the
ocean. As the carbon‘dioxidevd15561ves in the ocean, the oa1ciom carbonate .
falls to the bottom. Both of these sinks, and perhaps otheré aé,yet unknown,_
are not keeping up with the rate at which CO2 is entering the atmosphere.
The eVidence for this is contained in Figure 7, which gives the history of
the carbon dioxide level at Mauna Loa Observatory in Hawaii over a sixteen-

year period (1958-1974). In the winter the 002 level rises and every summer

it falls, but only about half of the CO, entering in the winter comes out in
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the summer. The net>resu1t is a constant and continuingArise of the carbon
-djoxide conceﬁtration each season. For exahp]é, there has been a risé from
315 to 330 ppmlof CO2 in the 1ast 16 years" Similar results have been ob-
talned from stat1ons in the Arct1c and the Antarctic. The qycies at the
po]es are not as sharp as at Mauna Loa (20o north), but they show the same
percentage rise. We must extrapolate back for the previous hundred years,
using carbon-14 measurement on tree rings; from that we_can-ca]cUTate-the :
approximate CO_2 level for the preVious hundred years. This method also
indicates that‘the_CO2 level has risen another 15% frbm 1890 fo 1958. 1In .
about one hundréd years the level of CO2 in the atmosphere has increased 15%;
in the last 15 years it has increased 5%. It is risiﬁg much faster now than
it did 100 years ago ~ There is no ambiguity'about the fact that the rate of
‘1nJect1on of CO2 1nto the atmosphere is about twice as 1arge as the rate of
remova] and the 1n3ect1on rate is grow1ng.

The Eonséqugnce of the increase in carbon dioxide concentration is;'és
»yét; theoretical, Becausebthe 5% change in level is still too small to permit
unémbfguous attribution of climatic consequences. Nevertheless, we know
enough about carbon dioxide to be sure that the C0, is transparent to the
:visib]e light of the suh and opaque to the infrared light reflettéd from the
eérth. Thereforé the'C'O2 acts as a blanket over the earth's surface and one -
can expect'thaf the heat load on the earth will increase. This so-called
Qfeenhouse effect is shown {nvFigure_S. When the sunlight strikes anywhere
on earth (wéter or land), a fraction is turned into infrared 1ight which is
reabsorbed by the C0, and reflected downwards. One of the consequences of
. the rising CO2 1eve] is an increase in the avehage global temperature; We
have seen the concentration of €0, increase over.the past 15 years, but there
ﬂ_has_not been a'c1ear1y recognized corresponding.change in_fhe-global climatic

'cdnditions;' The meteorologiCal models current1y-avai]ab1é are not sophisticated
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enough to tell u§ what the climate should be, and what effect the COé increase_
has now and will have. Also, the Coz'increase'fs inside the "noise level"
of the annual climatic f]uchations, SO faf; however, if we wait until the
concentration has increased to the point.where it becomés a noticeéb]e factor
in climatic change (using meteorological mﬁdels), it will be too.late to
change the effect. The CO2 conCentration.inCrease'couid‘change the entire
worldwide agricdltura] productioh pattern on the eartﬁ's surface, and the
pattern of living would be marked]y différentlloo years froﬁ now fFOm what

it is today.

~ MATERIALS AND ENERGY FROM THE SUN.

The methods_I prefer to use,tb,incfease our energy prOspécts are those
which use the sunshine in some dsefu] way; that}wf]] allow us_fo harvest.
the sunshine on an annual basis as it comes to the eaftﬁ'svsdffacé, With a
minimum,environmenta] prob]ém: no CO2 problem, no carcinogen prdb]em. Let
us see what'wé can db using the sunshine whith is a conétant and annua]]y ;‘
renewable source. Figure 9 shows how the presént-day'sunshiné is uSed 6h
the surface of the earth, plotted in terms of green'p]ant'feducihg cérbon.
The greenAp1antS catch the_sun'andvreduce the carbon. This is particu]afly
effective on the equator,'where the plants are'mbstvbroductive. There, fhé
green plants reducé 1vkg/m2/yearfof carbon along the.éduatorial region, where
the weather is warm and thére is plenty of water. Other éreas of the world
which are warm, unlike the equétoria1 regioh, often have avproblem with
1a§k of water -- South Africa, Chile, the Southwest United States, aﬁd_
North Africa. It is not possible by ordinary methods to use the green
plant as the factory in many of the semiarid areas of the world. o

The distribution of SUnshihe in the United States is shown in Figure 10

in watts/mz; it is obvious that the Southwest United States is the area of
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choice;"Howevek;,that afea still does not have adequate supplies of water
if we are_going to'QSe the beSt.eeiar energy'factofy we have, hame]y, the ’
green plant. - . i | | |

I WTsh to repeat thet the best solar energy Captufing mechanism we
have is the green p]ant we must learn how to use it in the most efficient A
way, both for itself and for the model it provides for synthetic dev1ces
The photosynthet1cvcarbon reduct1on cycle in shown in Figure 11. The pjant"
captures the COz‘from the atmosphere and, with the aid of sunshine, reacts |
with water, separates the hydrogen from the water, and.reduees the_COZ. The
C0, is first reduced to carbohydrate (sugar), where there is en1yvbne oxygen
~ atom on each carbon atom. Eventually, some plants can take this carbohydrate
and reduce it all the way to hydrecarboh, with no oxygen at all on the
,carben atoms WHich is essenfia]ly what petroleum is. Most p]ants store‘
their sunshine as half-reduced carbon--carbohydrate: woed, cellulose .of
~ various kinds,»$ugar'or éfarch. The eunshine enters the plant, is captured
by the Qreen chlorophyll, and thellight-capturing step separafes the eharge
on‘efther side of a membrane. There is a bgsitive charge on one sjde of -
the hembrane and a negative charge on the other. The positive charge
eventual]& shows up aé molecular oxygen and the negative charge is active
hydrogen which is used by the b]ant to redece the CQ2 to carbohydrate. If
there. is no CO2 available, some of the active Hydrogen may show up as
Vmolecular hydrogen; there are plants that can do that. While most plants
store the energy'of the sun as carbohydrate, there are some,thaf store
their energy as hydrocakbons.lzlt is this combiﬁation of;chemical storage.

of the sunshine that I wish to discuss in further detaid. .

Sugar Cane

Let us ta]k f1rst about the p1ants which store most of their energy as

rearbohydrate, which is the maJorlty of the plants of the world. The classic
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example of the efficient plant which pfoduces fermentab1e sugar directly is
~ the sugar cane of Brazil or the corn in NebfaSka, both of which belong to
the same family and both of which'haveﬂthe same kinds of efficiencies.

One of the steps in the preparation 6f sugar cahe for‘harvest in
_Austra]ié is shown in Figure 12, a sugér burn in Mackay, Australia. The
éane is burned in approximately 10-acre plots at one time.. The reason for'
~ the burn, just before hafvest,'is,that the lower 1ea9es are dense, dry, and
very sharp; neither man nor machine can get into the cane fields while the
dry leaves are still intact. The 1éaves'are therefore burned off, leaving
the stem (or stalk) of the sugarvcane_intact although dead. The cane is
then cut and harvested within one day after the sugar burn. The sugar cane
is then moved to the mi]], where it is crushed with water, the water washihg
goes to thé’evaporatdr for extraction of sugar, and the cellulosic residue
goes to the boilers where it is burned. .. |

Therefore;'in a sense, a sugér plantation is a self-contained energy
farm; no new energy has to enter the system'exceptvthe'sunéhiné itself.

The sugarvcane éaptures the sun, stores a very large fraction of fermehtéb?é
sugar or cellulosic residue, and the sugar hil] uses both. Sugar is ob-
tained by washing wifh water, steam is.made by burning the cellulosic
residues (bagasse), and the steam is used to rgn'the machineryiofvthe mill.
There is excess steam from this‘pkocess which is run through tUrbinés to -

| generateve1ectricity; The.faCtory collects the cane and generatés sugar
from the juice, alcohol from the molasses, and electricity from the excess
steam. A sugar p1antation really is an "energy farm" in the terms we have .
been discussing for some time.

As one éxamp]e of a bétter method to utilize the ability of the plant
to capture and store so]ar energy, the_Bfazi]ians-have decided_to-use land

which is capable of gr6Wing sugar cane in high yield as a method of "harvesting
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‘the sun". The areas 1n wh1ch sugar cane is grown in Brazil are shown in
'Figure 13. The sugar from cane on these lands is converted into alcoho]

~ the chemistry of wh1ch s shown in Figure T4.'_In'convert1ng the sugar to
alcoho] there is very Tittle energy loss, 50'wthe.the weight is reduced

by a factor ofdtwo,»very Tittle of the energy is lost fn that conversion.
The Brazilians, who areTtheTTargest sugar cane growers in the woer;'haue“f
made the decision to try to fquiT] some of their fuel and material demands
through sugar cane. | B N | . o | | | | =

The petrochem1ca] 1ndustry in Brazil and throughout the world depends
upon petroTeum as its pr1nc1pa1 raw materlaT The route to renewab]e
resources for the petrochem1ca1 1ndustry in shown in F1gure 15 You'can'
see that the petroTeum is ref1ned to naptha and goes through the naptha
cracker to ethyTene from ethyTene the carbon goes on to all other :
chem1ca1 raw mater1aTs

Sugar cane can fu1f111 at Teast part of the need for chemicals for
'mater1aTs. The fermentat1on ethanoT can be dehydrated over aTum1na to
ethylene. Thus, it is poss1b]e to feed into the stream of petrochemicals
via ethylene, which has its ortgin in sugar cane. Many other materials
can be made from the cane juice byvdifferent types of fermentation processes.
EventuaTTy these'aTternative processes will become more significant as a:
source . of chemicals than ‘they presently are.

Sugar cane, in its unusual’ cond1t1on of going to seed, is shown in
Figure 6. This photograph was taken in front of the sugar museum in
Maceio, Brazil. ThTS-same plant is now becoming one of the major'sourceS'
of chemical raw materials in Brazil. In November of 1975 the Brazilians, -
rea1121ng that - they had no accessible petro]eum source of nap*ha for their
ethylene or, for that mater, for the1r gasoline, dec1ded that they would -

'encourage_both new pTantat1on5‘for sugar cane and new fermentation facilities
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to make alcohol directly from the sugar cane jdice. To do this, they provided
government Joans at Tow interest. They decided to manufacture ethano1 from
their cane juice. Approximetely seven of eight'tons of raw sugar were
produced in 1974, whjch yieldedv700 million liters of,95% alcohol by fermen-
tation of the'residual molasses. It is entirely possible that Brazil will
‘achieve its stated goa]_by 1980,_becadse.of the remarkable rate at which
they afe construeting new fermentatfon facf]ities and the rate at which new
sugar cane acreage is being introduced, espec1a1]y in the San Francisco R1ver
(Figure 17).
region and other parts of northeastern Braz11A It should be noted that one
of the main economic factors which has made thlS transformation of sugar-
cane from food to fuel poss1b1e 1n Brazil 1s the ava11ab1]1ty of 1arge v
amounts of re]at1ve1y inexpensive ]and wh1ch can be mach1ne cultivated to
produce the cane. The sugar cane-a]coho]-ceT]u1ose-sugar cane cyc]e on
the large self-sufficient sugar p1antat1ons is eff1c1ent and cost effective.
It appears that most of the 1ndustr1a1 a]coho] of Brazil is made by

the fermentation of the molasses whjch remains after the crysta]]jne sugar
has been hemoved; This constitutes one of the most efficient ways to con-
vert fermentebTe 3ugah‘ihto a liquid fuel which cen be used in the interhal
.chbustion engine or_es a chemical raw material. |
Gasohol .[ _ | , P

| In the United States we‘have'practica]1y no fermentatioh industrial
alcohoi at the'preéent time. This method of making aicohol went‘out of style
‘ ébdut 1950, when it became poésib]e to obtain 1ndustrfa1 alcohol by adding
a water molecule to ethylene, having obfained the ethy]ene from haptha._ It
now appears fhat we might rethrn to the earlier methods‘of making industrial

alcohol because of our lessened petroleum reserves. In some parts of the

United States this kind of deve]obment.is already occurring.
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. You‘may.reca]1 that in the oil embargo days of 1973-74 there was a
note in one-of'the U.S. newspapers that the legislature of the State of
.NeoraSka had passed a law reducing the state tax onvgasoline if is con-
tained'as little as 10%»fermentation a]cohol;' The reason for this legis-
lation was that the_storage fact]ities for corn Were strained, and a sub-
,stantia]'percentage‘of the corn crop spoiled that year and could not be |
used for food, The spoiled corn was taken to make fermentation a1toh61
-whichIWas added to'gaSOJine (gasohol). This program was very successful.
The State-bf Nebraska now has akprogram to show that the production of .
'"gasoho]" is anveconomjc process even today. -The chemical engineer (Prof.
William Scheller) in charge of this particular program at the_UniVersity
of Nebraska has produced a chart showing‘the consequences of rarious uses
of corn in Nebraska If 100 bushe]s of corn grown on one acre of land is
fed to cattle a we1ght gain of about 480 pounds resu]ts If, instead, the
100 bushe]s is sp11t into 80 bushe]s and 20 bushels, and the 20 bushels is
'fermented to a]coho] (60 ga]]ons, approx1mate]y) with the rema1ns of the
fermentat1on, the d1st111ed dry yeast (about 300 pounds) now added to the .
80 bushels of original unfermented-corn andvfed to the cattle (i;g. the
~original 80 bushels:plus the 3QO.pounds of distiller's dry yeast) will yield
in'this.iatter process 520 pounds of meat'fnstead of 480 pounds‘ Thus,
60 ga11ons of fermentat1on alcohol and 50 pounds of add1t10na1 meat is
created by d1vert1ng 20% of the corn to the fermenter. The process of con- -
verting the starch to a]coho] a]so involves the creat1on-of yeast protein.
That is the'single factor which hakes the difference: the yeast protein can-
be fed to cattle in place of the 20 bushe1s of corn which has been diverted‘
for fermentation,:resu]ting in.both products. |

A few months:ago there was.a head]inehin a Nebraska newspaper to the

effect that the Nebraskaiiegis1ature was seeking to reduce the acreage for
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‘the corn crop by 10% by using farm support mechanisms. This seemed a poor
choice. If, instead, that same amount‘of money were invested for the con-.
‘struction of fermentation plants with a concomitant increase in_the capacity

for production ot'"gasoho]”, the price of corn would remain at a higher
leve], andalso a capital expend1ture wou]d have been made which wou]d
create a permanent market for the raw material, i.e. corn. I feel th1s

_ process .of using'part of the corn production to create fermentation alcohol
for fuel additive has a real,possibility of success in-Nebraska, Iowa and
other such areas. This may be our first real breakthrough in terms of
.solar energy conversion-in.the United States -- liquid fuel production and

chemical raw materials production.

Rubber _

I have prev1ous1y mentioned that some green pTants do 1ndeed store
their energy as hydrocarbons, and the one p]ant that comes ‘most 1mmed1ate1y
to mind is the Hevea rubber tree The rubber tap from a Hevea tree is |
shown in Figure 18, and the latex produced is hydrocarbon The hydrocarbon
from the Hevea latex is an example of a green p]ant which has reduced the
carbon all the way to hydrocarbon. |

The idea that p1ants which contain hydrocarbon-like'uateria1s such as
latex from Hevea wh1ch could be used as a source of hydrocarbons and mater1als
gave rise to the work wh1ch is current]y underway in our Taboratory.

Another more persona1vreason_was that we had on our ranch in Northern

-California plants (members of the Euphorbiaceae’family) which do contain

latex similar to that from Hevea, although chemically it is not quite the
same. This turned our minds to the whole family of plants to which the

Hevea belongs, the Euphorbiaceae. Another genus, Euphorbia, has about

2000 to 3000 different species. We'then began our search for some species
of Euphorbia which would grow in the dry, semiarid }ands of ‘various parts

of the United States.



Guazd]e v
- There:are other 1atex-producing plants in edditidn tolthe;EQphorbiaceae.

There is a member of ‘the Comgosfféae family known as guayule which grows in
the northern desertS‘of Mexico and io the southerh United States. This |
. desert shrub is known to producé a h1gh molecular we1ght ‘hydrocarbon which
cou]d be used as natura] rubber. Dur1ng Wor]d_War II, when the supply of
natural rubber from Malaysia was cuf off, efforts were made (especially in
California and other areas of the western'U S ) to grow guayu1e as a source
of‘rubber Because of the concurrent deve]opment of synthetic rubber, how- .
-ever, it was not deemed fea51b1e to cont1nue the deve]opment of guayu]e for
this purpose’aﬁter the'war,aand theﬂefforts, at least in the United States,
ceased, _ . | .' _ |
k However, the Mexican government has recently instituted once morevthe'
development of_guayule p]antationé,'in;the"northern éreas neer‘$a1t1110;
and the product{on,of;gueyu1e in tﬁis.region has marked]y:inCreaSed.' The :
interest ih guayule in Mexico and elsewhere in the southwest has fncreased
‘io the point where several iﬁternational.conferences have recenﬁiy been held
with.a view toward bringing together'the'exoerts from;varioUS'disciplioee
to focus on the prob1emvof-1mproved-p1ants,vincreased production, and other
'aspects of a prOJect of this type. : ) I ' v i.
Guayule is a desert bush, growing in sem1ar1d reg1ons, a photograph of
which is shown:in FJgure 19. ‘It cannot be tapped, as Hevea, and for har-
-vesting the bush,ﬁs ﬁaken<out of the ground (11ké sUger_cane) to extract
the rqbber-]ike méteriaT.v The rubber in guayule is not in tubules as in
the bark of‘HeVea.LTThe_ﬁubberfdropleté are captored'fndindually in 
individual cells, and every single cell has to be broken to extract the
'rupber.' The p]énfvgrows to a height of aboqt three feet, then pu]iedvout
ofvthe ground for hérvesting; ‘In Mexico they are currentTy harresting the

wf]d plants.
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:"I am discussing guayu1e not because it is a source of hydrocarbon for
us in the southwest United States but as a source of Eubber. 'Thé Firestone
Cbmpany has about 100,000 aéreé.in’west Texas wﬁich it inténdsrto'devote toA
guayule cultivation for rubber production. Ghayu]e_is already.a:commerqial
crop in Mexico and will, of course,'become commercial in the United States
soon in the same type of areé whichrwe are exploring for the producfibn of
oi]—prdducing plants. |
Euphorbias

While we Were in Brazi]'two yeérs ago Tooking at the Hevea and the

sugar cane, we observed another piant'growing around the sugar cane planta-

tions. This plant, the Euphorbia tirucalli, is shown in Figure 20 and is
popularly called the African milk bush. It is a latex-bearing plant which
has also been found to grbw well in southern California; it probably would
also groleei] in Arizdnq,and Texas. ‘The E. tirucalli is another candidate
for a hydroéarbon—prqducing piant} the latex in this case being somewhat
‘similar to that of other Euphorbias. o
| Ih the course of our trave]s we visited Puerto Rfco in the spring of

1977,.where'we attehded-an energy conference at the University of -Puerto
" Rico. The Pderto Riqans wanted to begin the development of solar énérgy
using their tapabi]itiés; but they were thinking in-ferms of sugar éane,‘
- an important crop there,»and using it to make férmentation-alcoho]sjin a
way simf]ar to what hés been done in Brazil. We visited the dry side of
the island in search of'other species of Euphorbias which might be ééndidates

for hydrocarbon production. We found Euphorbia lactea, which grows,tova

height of 10~15 feet. A knife inserted into the bark of the tree produces
a flow of latex in a manner similar to that for Hevea (Figure 21). We have
examined thét Tatex chemica]]yvin'the laboratory and are~becomming somewhat -

familiar with thefchemi;a] compoSition of latexes from various‘species of.



Euphorbias collected from'all over the world. It is c]ear from these tests
‘that there are at least two maJor cand1date fam111es for th1s purpose, the

Euphorb1aceae and the Asclep1aeceae w1th 1nd1v1dua1 plants in the fam1]y '

SApotaceae and Moraceae as well,

PETROLEUM PLANTATIONS

I would now like to d1scuss what we have done in terms of cu1t1vation-'
of o11—produc1ng plants. Some of the p]ants wh1ch I have d1scussed as pos-
sibTefCandidates (E tiruca111 and E. lactea) are: trees which take several

years to reach harvestab]e matur1ty We f1na]]y chose the Euphorb1a ]athvr1s

(gopher plant), wh1ch is an annua] for the f1rst exper1ments with cu1t1vat1on
in Southern Ca]1forn1a The petro]eum p]antat1on 1s shown in Flgure 22
these p]ants (about four feet h1gh) ach1eved the1r deve]opment in seven
months (they were p]anted from unselected seed in February 1977. We are
: ab]e to obtaxn a y1e1d p1ot for the E. athvr1s by cutt1ng 1nd1v1dua1
plants, we1gh1ng them and measur1ng their hydrocarbon content. The y1e1d
data on the f1rst p]ot is shown in F1gure 23 for E. lathyris, for the grow1ng
season-of Fcbruary to September ‘

The overa]] View of the petro]eum p]antat1on is shown in F1gure 24
Two' d1fferent species of Euphorb1as have been p]anted the E. t1ruca111 and
the E, ]athyr1 The former is a perenn1a1 and the latter is an annual.
Th1s p1anted area 1s the beg1nn1ng of a hort1cu1tura1 exper1ment where |
w11d p1ants are be1ng cu]tlvated under contro]led ‘conditions. Our intent
is to grow the p]ants under d1fferent cond1t1ons d1fferent seasons, dif-
ferent 1rr1gat1on requ1rements, etc , to obtain yield data.

The y1e1d rateS’for E lathxrl_ have been converted into equivalents
of barrels of oil at 84 by weught The‘plant is-actually more like 10%
by we1ghtvo11, but 8% has been usedlbecause it is'unlikelv_that all of the
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| oil can be extracted from the pTant material. Using a figore of 8% yield.
by weight converts to about 10 barrels of'ojl/acre/year, which is a minimum
‘yield . | |

Hydrocarbon Construction in the Plant

~ The 0il from the g:_lathxris_extractions is an isoprenoid simiiar to
rubber, the difference being that when water is taken away from rubber latex

a SOlid'remains. This is because the molecular weight of that polyisoprene

in the case of Hevea brasiliensis is between one=half million to two million.
On the other hand, when water is remoVed’from the EL_tiruca11i ]atex, a
liquid remains, the noTecular weight of the isoprene:being much Tless than
that for rubber | Figure 25 shows the mo]ecular weight distribution'of

| polyisoprenes isolated from Hevea brasiliensis and Euphorbla tirucalli, e

using the method of ge] permeat1on chromatography This mo]ecolar-we1ghtf
“distribution is bimodal for a part1cu1ar clone The mo]ecu]ar‘weight for'

E. tirucalli latex is about 20,000. A1l of the Euphorb1as wh1ch have been

described_fn the 1iterature-proddce an 1soprene—hke‘mater1a1.i There are "
cyciic iéoprenes aé“we]i;isoch as terpenes, diterpenes, sterols, etc.,.
which represent aboutloneéhaif of the hydrocarbon in the emulsion.

The}chemica] mechanism for the pTantfs conversion process of carbo-
hydrate into isoprenoid hydrocarbons is éhoWn in'Figures 26 £0‘28 Wé'think_
that we know all of the chem1ca] steps 1nv01ved in bu11d1ng these large
mo]ecu]es, and we will eventua]]y want to mod1fy the plants genetlcally S0
that they w111,produce mo]ecu]es "to order".so to speak and not 1n the
random natural fashfon.' | o |

The carbon cyc1e (Figure 11) shows fhat carbohydrate is created by
ta“1ng carbon dioxide through the cycle; the carbohydrate then produces
pyruvic ac1d which is essentially the f1rst carbon fixation product of the

p]ant which has been modified to be sure-w1th the -same redox level as
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glyceric acid. The pyruvic acid Toses avcarbon dioxide mo1ecu1e, to giue.
acetyl CoA (fouh'carbons)>two'of which condense to create acetoacety1_CoA.,
A third acetylvcoA goes ohvthe carbony] functioh to make’a‘tehtiary alcohol,
1eavingvone‘of the ecidS'free. This ts reduced via CoA to meva]onic,atid'
(F1gure 26), which then goes through a series-of'steps via phosphorylation
on the pr1mary alcohol group and f1na11y dehydrat1on and decarboxy]at1on
(F1gure 27) to 1sopenteny1 pyrophosphate (IPP), a five- carbon containing
compound, from which the p01y1soprenes are constructed The IPP is then
isomerized to d1methy1a11y] pyrophosphate producing an a]]yllc pyrophosphate
which can drop the pyrophosphate and become a ‘carbonium ion which reacts
with another to create a d1terpene (F1gure 28). This -reaction can cont1nue,
~to'build up the chain} The reason for po1nt1ng out the mechanism of po]y- :
}tsobrene manufacture (Figures 26 to 28) is to 1nd1cate that every one of
the enzymes involved in’goingbfromjcarbon»dioXide to hydrocarbon is known ,
probably hot weT] Znough to modify‘their action, but we have the beginning{

The quest1on arises as to what factors determine the length of the
_cha1n that is to be constructed and what factors make the cha1n e1ongat1ow,
cease. My belief 1sﬂthat-these events occur in an oil (rubber) drop]et, H
which is actually an emulsion polymehization. - 0On the end ofithe chaih is
a pyrophosphate with an allylic double bond; the terminal of the long chain -
| befng made from the rubber'(oil) drop]et-itse]f. There are a]so detergentc
in the oil emuTsioncwhich_stabiTize the dropTet. Thfs incipient carbonium
ion then reacts w1th the e]ectron pair of the IPP to form a carboh—cathn

bond then the proton is’ removed and the result now is a polyisoprene with

S a longer chain.

A cha1n elongation cannot occur w1thout a cata1yst of some type, and
not much is yet known about the catalyst. - It probab]y is a'trans1t1on metal

complex of some kind whose character has yet to be identified or determined.
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The shape and actiVify of‘the catalyst is determined, I beiieve,'by the
redius'of'curvature of the rubber (0i1) dfop]et. As the dfop]et grows with
the increasing mo1eeu]ar weight,-the radius of curvature decreases, which |
could change the‘activity of the catalyst. 1In other’Words, the catalytic
" action'shutsAdown at a certain size. This may be the physical method by
which the green blant determines the molecular weight. Each'strain of pTent
differs from bfhers by'either the deﬁergenf whichvis used to stabi]fze'the
micelle, or in the nature of the catalyst, or both.

The frontier of this work on the rubber and the po]ymerizatidﬁ of
1soprenes is now at the point where 1t is necessary to discover the nature
of the cata]yst, on the one hand, and the chemical composition of the
detergent, on the other. We know,that the mo]ecu]ar weight of the poly-
merization reaction 1s‘detefmined by the particular strain of p]ant; and
we must now examihe fhe cata]yst and. the detergents which are critical to
undnwst ending the mo]ecu1ar we1ght distribution of 1atexes from the plants

| We can eventua1]y mod1fy the hydrocarbon molecular weight to come

‘ dewn into the few thousand region. We also want to‘reduce the degree of
unsaturation, i.e. put more hydrogen in;’thus "engineering”the ce11s" of

the plant to havevthem treate the desired chemicaT products. I suspect that
our yields wil].net be lTimited to the unsatukaﬁed hydrocarbon, which is what
the plants produce today,ih the natural state. The yield of_desfred

:products from the p]dnts which will be’c01tivated tou]d'undoubted]y be
raised sub«tunt1a11y, by se1ect1ng seeds proper]y, even w1thout ‘cell engineering".

When 1 showed the yield data to representat1ves of peop]e exper1enced
in plant breeding, they predicted that with proper‘seed selection the yield
fﬁom these hydrocarbon—producing d]ants-cou]d be raised to 20 barrels of
oi]/acre/yeer. - There is no doubt that Wheh any se1ection program is started

on the wild plants that the yields will immediately double. - We recently
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visited.the petro]eum-p1antation and‘obserred'that in some of the plots

the plants are growing at a more rapid rate than‘incothers. “Therefore,

the growth ratevie variab]e, and it will be possib]e to select the.faster.vi
fgrowing plants and seeds for cohtinued_cu]tivatiOn.

As an example of improved production throdgh breeding, I would like:
to cite the Malaysian rubber story. Afterttheiehd of World War II, during
which'tihe synthetic rubber had.been developed in the United States and
Western EorOpe, the Malaysians became aware that the market for natural
rubber had disappeared, until its price became‘cohpetitive with the syn-
~thetic*products Up until then, the yield per acre for rubber was 200 1bs/
acre/}ear "By 1965 the commerc1a1 product1on of rubber had risen to |
20001bs7/acre/year, an increase by'a factor of ten in 20 years; There are
now plots in Malaysia which produce 4000-1bs/acre/year of rther'and' o
© individual trees which. if they wéfé"grown at the Same density;'woqu
‘achieve a production of:8000'1bs/acre/year. I mention thiéldevelopment‘ |
to show that_I'have no doubt that the yield of oil from hydrocarhonh

producing plants can be doubled in three'generationst

Current Status of Search for Rehewable Resources

| The type of exp1orat1on descr1bed above g1ves two pract1ca1 approaches
to renewable resources: (1) to use the hydrocarbon as it comes from the L
plant itself (the 2% to 107 by we1ght) as a crude 011, refine it, rescue
the stero]s which 1t conta1ns, crack the rest of the compounds to ethy]ene,
' propy]ene, etc. and then reconstruct the desired chem1ca1s from those
products. I fee] that this part1cu1ar approach can be developed 1mmed1ate1y
(2) To 1earn_how the molecular weight 1s,contr011ed and manipulate the
plantvto'cohstruct materials of the desired molecular weight for whatever
purposelio'desired. This approach will be longer and more complex, using

the plant as the collecting and constructing'vehicle.
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The hydrocarboneproducing,p1ants which have been described earlier can

be grown on land which ‘is today nonproductive.- There is a gréat deal of
land of this type invthe Uhited States and other areasvof the world. This
cu]tivation»of hydrocarbon—producihg»p]ants can be started almost immediately
'eVen»without genetic,imprdvemenf of the plants, using the b]ants as they are
in the wild condition. _We‘have begun our experimental planting in Southern
Ca]ifofniavtoward this end: | |

‘When you talk to prbfessioha] horticulturists.about these plants (fhé
Euphorbias); fhey know_nothﬁngvabout the methods of 1arge-$ca1e-cu]tiyation
because they have never before been.p]anted as a "crop". If is-as though we
.wére back ih the Stone Age learning how to domésficate wild plants, like
the beginnings ofvtﬁe CUTtivation of sugak cane,'wheat; corn,ietc,'severai

thousand years ago.

We are try ing to introduce an entirely new plant(s) as a commércia]vcrqp,
which requires a gfeat deal of thinking‘of a tybe'which the ﬁrofessioha]
'agriculturaliéts do not usually do. Their role 1s‘to‘impr09é the crops
_ a]ready avaiiab!eviﬁheat, corn, rice, sugar, etc;), and it is difficult for
them to aséimi]ate'thé cbhcept'of an entireJy.new;crdp(s).' Théy are bothered
.hy such’factors{as the type of fertilizer to be used, yie]dsvper acre, amouﬁt
of water for irrigatﬁoh, type of s0il, amount §f sun, etc.  The answers to
questions of this type aré generally not we11 known’for wild p]ants. One of -
the purposeslbf the "gasoline tfee p1antation" in Southern Ca1if0rnia'is to
get some initial ansWéfs to some of the pracfica]}questiohs regarding

“cultivation of these species of plants.

Economics of the Petroleum Plantation

What does the prodUction of hydrocarbons from plants mean in terms of
the present ehérgy situation? How much can the production of-hydrocafbons

from a new source help fulfill our needs? As you are aware, the price of
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0il today is an artificial one, nof_]ess than $14/barrel, and this price
will surely rise. What would be the costs of producing crude 01l from )
plants? ’We'areftrjdng'to use land which does not prdduce anything tOday;
i.e. nonproductiYe in the sense that.agricultural 1and is producfive. We:
have_se]étfed plants which will grow in dry, semiarid areas of the Unitéd
States and.othef parts of the world. My agricultural colleagues have in-
formed me that one'acfe of this type of plant coqu.be grown for about
$100. Our extraction method, which I have described to my chémica]
-eﬁgineering colleagues, projects a cost of about $10/barrel. If it cost§
_$1QO ;o grow the'materia]ffor 10 barrels of o0il and $10/barrel to extract
and produce the oil, then tHe cost of this type of hydrocarbon would be ”
$20/barrel today. If fhe'yield of hydrocarbon could be improved By a
factor of two or three and if the extraction process itself could also be
improved, the price of this material is already on the edge of befng
practical. If the costs of petroleum risé énofher 10% to 20%, the use of
' _hydrocarbon-pkoducihg plants, especially for feedstock materials, wi]T'
become practical from an economic point of view. The development of the
concept of the petro]eum plantation and the cultivation of hydrocarbon-

producing plants is only one type of deve]opment.

ARTIFICIAL PHOTOSYNTHESIS

“Earlier I mentioned how the green plant uses a membrane to separate
a positiQe charge on one side and a negative charge on the other. We are
-]eafning more about that process, which is another important consequence
of our study of how the green plaht captures. the energy of sun]ight. This
concept involves eliminating the plant entirely and repfoducing the cap-
turfng.apparatusrof,the quantum, e.g. capture the quanta and store it in

some useful fashion. This process could eliminate the plant and the quality
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of the land, and would fequire mereiy thé energy of the sun. In order to
develop methods for syhthetfcally capturing the energy of the sun (which

is done in the plant by ch]orobhy]]), we need to learn in greater detai]

the mechanism of the'quantum convérsion process. When the energy of the

sun is picked up by the ch]oroohy11‘in the plant, a charge separation

occurs at that point; we know.some of the details about this, and we are
now trying to learn the mechanism of that process as well.

The actua].quahfum.conversion process in the plant fakes place in the
chloroplast. The ch]ofophy]]—cont&inihg.proteiné which capture the quanta
are actuél]y in the membraneé. We know that the light is acting on a
membrénous structure which separates the oxygen side from the hydrigen side
of the energy conversion. It should be noted that the green plant itself
can sepafate the oxygen and hydrogen, and if no 602 is present some p]aots
actually have the ability to generate hydrogen.

- The ideal of constructing an artificial membrane‘(modeled on'the
oatyral membrane in the chloroplast), putting the correct ﬁaterials_on it
with oxygen evolution on one side of the membrane.and hydrogen (or methane)
evolution on the other, is what we are attempting to do in the 1ab0ratohy.’
To do that, we need to know the materials from which the mémbrane is con-
Strocted. There is; of course, chlorophyll, but there are many other sub-
stances as well. OQr experiments indicate thaf there are iron-containing
compounds on the other, Where oxygen is generated. It appears that there
is a ]fpid membrane inbetween to separ-te the hydrogen from the oxygen.

The relationship between the natural photoéynthetic electron transport
membrane (top) and varioué forms of synthetic systeﬁé which are being
organized to perform part or all of the quahtum converSion process that the
“green p]ant‘perfofms is shown 1h Figufe 29. Each of the systemg noted here-

is under study and deVe]opment-in at least one laboratory throughout the
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world, and most of them are being examined in many different laboratories.
With these basic ideas, we can begin the design of a synthetic membrane |
(Figure 30). On each sidg‘of the phospholipid membrane there are sensitizers
(S],'S]]) which represent the chlorophyll molecules of various'types; The |
excited mo]ecuje ejects an electron to an acceptor (X) and the acceptor
then hands the electron to an iron-containing compouhd which reduces the
proton to mo]ecuiar hydrogen.' The proton comes from fhe‘]eft side of the
membrane; where the ho1éithat is left (S]]+) takes an electron away from
the manganese to make high-oxidation sfate manganese which then oxidizes the
hydroxide ion to mo]ecuTar oxygen. . In thaf prpcesé it is reduced to the
original manganese redox level agéin. We thus have an iron caté]yst on
~one side of thevphospho1ipid membréne and a manganese catalyst 6n the other,
the manganese catalyst producing the oxygen and the iron catalyst producing
- the hydrégen} vAt present we have some information about the iron catalyst
but very 11tfle information on the manganese catalyst.

| When it js possible to determine the type of surfactant-dyestuff to
ingert}ﬂit will be possible to construct a syntﬁetic.membrane and mount the
‘entire quantum conversidn'apparétus on a hollow fiber, creating hydrogen on
the inside éﬁd oxygen on fhe outside of the fiber. We would then have
achieved a syﬁthetfc hydrogen—producing'deVice,which will.not'require land,
j;g,‘a hydrogen-generating solar machine. This deve1opmehtvis rea]]j not.so‘v
far away, and it may be possibTe, using the same principles, to construct a -
methane-generating solar machine. |

- With the development of a "synthetic" solar energy capturing apparatus

it should be possible to make almosf any materials we need, by reducing
.carbbn dioxide (directTy or indiréct]y);_these materials would be fuel or
chemical raw materials. T believe this fdea is one which can be brought to

fruition within five to_ten years;
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SUMMARY

It thus appears that the first and 1mmed1ate poss1b111ty for the
' deve]opment of an economically useful solar energy and mater1als system
is an outgrowth and, in a sense, a return to an older system, that is,
the use of the best existing solar energy canturing.source we know --
the green plant -- by se]ect1ng and mod1fy1ng it to produce the materials
we would Tike to have, name]y, hydrocarbons of suwtable mo1ecu1ar we1ght
and structure. The choice of the particular plants with which to begin
'such a 1arge-sca]e deye1opment has yet to be made and wﬁ]l}depend upon
growth rates andrhabits, hydrocarben productivity and harvest adapta-
hi]ity; weeare already, of course, capab]e'of growing a carbohydrate-
storing plant (sugan cane) and cbnverting'the fenmenteb1es into convenient-'
form (a]coho]) |

Finally, in the longer term as we 1earn more about the quantum
- eonverting apparatus of the green plant, we should be able to construct
such an apparatus Synthetiealiy,'thus being Tiberated from the agricultural
limitations which the'growing of a natural and coMp]efe plant places
upon us. A synthetic system is already visib]e in principie which would
capture and convert solar energy into a stream of hydrogen (us1ng only
water as its raw mater1a1), which could be 1nserted 1nto,our present fuel

and materia]slsystems with a minimum of difficulty.
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Greenhouse effect: CO» reflects heat, warms earth
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Molecular weight distribution of polyisoprenes isolated
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Synthesis of Mevalonic Acid
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-'SYNTHESIS OF ISOPRENE
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PHOTOELECTRON TRANSFER SCHEME -
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